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Results presented through this PhD dissertation document were aimed at developing 
novel formulation for seed coating comprising biologicals such as plant growth 
promoting rhizobacteria (PGPR), root nodule bacteria (RNB), arbuscular mycorrhizal 
fungi (AMF) and nano forms of micronutrients mainly iron and zinc to attain better 
plant growth and resource use efficiency. Various factors were attenuated during this 
course of work in order to achieve a stable formulation with a better shelf life potential 
and overall efficacy. 
Two globally most relevant crops were selected (maize and soybean). Apart from their 
economic value, these crops are also frequently encounter soil pathogens causing major 
economic losses. Indigenous plant growth promoting rhizobacteria and root nodule 
forming bacteria were isolated from various important agricultural locations from North 
India and were screened for plant growth promoting and root nodulating traits. The 
results showed richness in microbial community having PGPR traits as well as root 
nodulating ability. Compatibility and interactions of all the three biologicals (PGPR, 
RNB, AMF) with ingredients of conventional seed treatments. Results showed that 
selected biologicals were compatible with commonly used fungicides, clays and 
polymers widely used in seed treatment. A subsequent experiment includes in vitro and 
in situ testing of single layer thin film seed coating with the formulation having 
biologicals and conventional ingredients. Both greenhouse and field trials of biological 
seed coating confirmed compatibility and better growth responses. The yet another 
research effort focused on value addition. Thorough research experiments towards 
fabricating nano materials with biologicals and further evaluates their impact on plant 
growth and viability/ compatibility of incorporated biologicals. 
In summary, the present work proposes a novel seed coating formulation that includes 
biologicals, fungicides and polymers besides value added nano-nutrients. Successful 
fabrication of nano forms of Fe and Zn, and loading of these onto mesoporous silica 
nanoparticles provides targeted delivery of nutrients to the plants. The initial testing 
provides an insight into potential and upcoming next generation formulation relevant in 




Table of Contents 
 
Chapter 1 Introduction .................................................................................................. 1 
1.1 Rationale behind proposed work ................................................................... 1 
1.2 Hypothesis ........................................................................................................ 2 
1.3 Objectives and Methodology .......................................................................... 2 
1.4    Outline of thesis ............................................................................................ 3 
Chapter 2 Literature Review ........................................................................................ 5 
2.1 Background ...................................................................................................... 5 
2.2 Seed treatment ............................................................................................... 12 
2.3 Conventional Chemical treatment ............................................................... 13 
2.4 Seed coating: a value addition in seed treatment ....................................... 14 
2.4.1  Basic Ingredients used in seed coating ............................................. 15 
2.5 Advantages of seed coating ........................................................................... 17 
2.6 Biological seed coating: a pathway to ever green revolution .................... 18 
2.6.1   Arbuscular mycorrhizal fungus ....................................................... 18 
2.6.2 Plant growth promoting rhizobacteria .................................................... 20 
2.7 Why there is a need of biological seed coating ........................................... 22 
2.7.1 Solid carrier based formulations ............................................................ 23 
2.7.2 Liquid Formulations ............................................................................... 23 
2.7.3 Dry powder formulations ....................................................................... 24 
2.8 Drawbacks in commercializing bioformulations ....................................... 24 
2.8.1 Soil: unpredictable environment ............................................................ 24 
2.8.2 Unsuitable solid carriers ......................................................................... 25 
2.8.3 Liquid formulations: fails to provide long shelf-life .............................. 25 
2.9   Recent developments in seed coating ........................................................ 30 
2.9.1 Microencapsulation: an approach to protect the microbes ..................... 31 
2.9.2 Electrospinning: an extension of encapsulation of biologicals .............. 32 
2.10 Bottlenecks in developing a formulation for seed coating ....................... 33 
2.10.1 Need of improvement in the existing system with innovation ............. 35 
2.10.2 Nanocarriers: nutrients along with biological formulations ............. 36 
2.10.3 Mesoporous silica nanoparticles (MSNs) as a “Nano-carrier” ............ 36 
2.10.4 Loading of nutrients into nano-carrier ................................................. 37 
2.10.5 Fate of bacteria on exposure to nanoparticles ...................................... 37 
2.10.5 Structure of bacterial cell wall and its adhesion to particles ................ 38 
Chapter 3 Isolation, selection, characterization of rhizobacteria from 
roots and rhizopheric soil. ....................................................................................... 42 
XII 
 
3.1 Introduction ................................................................................................... 43 
3.2 Materials and Methods ................................................................................. 46 
3.2.1 Collection of samples, isolation and maintenance of bacteria ............... 46 
3.2.2 In vitro screening of bacterial isolates for their plant growth promoting 
(PGP) activities ..................................................................................................... 49 
3.2.3 In situ testing of bacterial isolates for their plant growth promoting 
(PGP) activities ..................................................................................................... 51 
3.3 Results ............................................................................................................ 55 
3.3.1 Isolation and characterization of extracellular plant growth promoting 
rhizobacteria .......................................................................................................... 55 
3.3.2 In vitro screening of PGPR traits ........................................................... 56 
3.4 Discussion ....................................................................................................... 71 
Chapter 4 Isolation, characterization and selection of Bradyrhizobium 
strains from root nodules of soybean grown in different agro-
ecological regions of India. ...................................................................................... 75 
Abstract ................................................................................................................ 75 
4.1 Introduction ................................................................................................... 76 
4.2 Materials and Methods ................................................................................. 79 
4.2.1 Reference culture ................................................................................... 79 
4.2.2 Sample collection ................................................................................... 79 
4.2.3 Isolation of nodulating rhizobia ............................................................. 81 
4.2.4 Biochemical and morphological characterization of rhizobial isolates . 81 
4.2.5 Differentiation between fast and slow growing rhizobial isolates ......... 82 
4.2.6 Authentication and preliminary screening of rhizobial isolates using 
nodulation test ....................................................................................................... 82 
4.2.7 Soybean harvesting and collection of nodules, roots and shoot biomass
 83 
4.2.8 Nitrogenase activity of root nodules ...................................................... 83 
4.2.9 Isolation of genomic DNA and PCR amplification ............................... 84 
4.2.10 Phylogenetic analysis ........................................................................... 85 
4.2.11 Nucleotide sequence accession number ............................................... 85 
4.2.12 Determination of growth kinetics......................................................... 85 
4.2.13 Cellular morphology ............................................................................ 86 
4.2.14 Correlation analysis .............................................................................. 86 
4.2.15 Statistical analysis ................................................................................ 86 
4.3 Results ............................................................................................................ 86 
4.3.1 Sample collection from fields ................................................................ 86 
4.3.2 Phenotypic characterization ................................................................... 87 
4.3.3 Differentiation between slow and fast growing isolates of soybean ...... 87 
XIII 
 
4.3.4 DNA sequencing and Phylogeny analysis ............................................. 89 
4.3.5 Symbiotic efficacy of bacterial isolates ................................................. 90 
4.3.6 Effect on shoot height and shoot biomass .............................................. 92 
4.3.7 Acetylene reduction activity (ARA) ...................................................... 93 
4.3.8 Kinetics determinations .......................................................................... 95 
4.3.9 Correlation studies ..................................................................................... 96 
4.4 Discussion ....................................................................................................... 98 
Chapter 5 Integrated approach for seed coating process ....................................... 101 
Abstract .............................................................................................................. 101 
5.1 Introduction ................................................................................................. 102 
5.1.1 Biologicals interaction with agro-chemicals ........................................ 103 
5.2.1 Arbuscular mycorrhizal fungus ............................................................ 105 
5.2.2 In vitro compatibility study using two-compartmental petri-dishes .... 105 
5.2.3 Application of fungicide on maize seeds for in situ compatibility test 107 
5.2.4 Biological seed coating along with fungicides and polymers .............. 107 
5.2.5 In vitro study 1 ..................................................................................... 108 
5.2.6 Recovery and viability check of AMF spores after seed coating......... 108 
5.2.7 Parameters studied for In vitro study 1 ................................................ 109 
5.2.8 Arbuscular mycorrhizal fungus and root nodulating bacteria .............. 110 
5.2.9 Compatibility study of AMF with commercialized seed coating 
polymers .............................................................................................................. 110 
5.2.10 Viability of Bradyrhizobium Cells after 6 hours of incubation with 
commercial polymers .......................................................................................... 110 
5.2.11 In vitro study 2 for elucidating the effect of developed formulation . 111 
5.2.12 Physiochemical analysis of soils ........................................................ 111 
5.3 Results .......................................................................................................... 112 
5.3.1 In vitro compatibility assessment of AMF with fungicides ................. 112 
5.3.2 Impact of fungicides on AMF colonization of plants under greenhouse 
study 114 
5.3.3 Effect of fungicide on plant height, shoot and root biomass................ 115 
5.3.4 Effect of fungicides on nutrient uptake of maize plants ...................... 116 
5.3.5 Long-term survival of Glomus intraradices with different commercial 
polymers .............................................................................................................. 117 
5.3.6 Survival of Bradyrhizobium cells after 6 hours of incubation with 
commercial polymers .......................................................................................... 118 
5.3.7 Effect of formulation on seeds in greenhouse ...................................... 120 




5.3.9 Field Trials ................................................................................................ 123 
5.3.9.2 Growth parameters (Soybean field trials) ......................................... 124 
5.4 Discussion ..................................................................................................... 127 
Chapter 6 Synthesis of MSNs and amorphous Nano zinc and iron 
nutrients for the development of seed coating formulation ............................... 131 
Abstract .............................................................................................................. 131 
6.1 Introduction ................................................................................................. 132 
6.2 Materials and Methods ............................................................................... 134 
6.2.1 Materials ............................................................................................... 134 
6.2.2 Methods ................................................................................................ 135 
6.3 Characterization of synthesized nanoparticles ......................................... 138 
6.3.1 X-ray Diffraction Peak Broadening Analysis ...................................... 138 
6.3.2 Transmission Electron Microscopy...................................................... 138 
6.3.3 Scanning Electron Microscopy ............................................................ 139 
6.3.4 Surface area and pore size analysis ...................................................... 139 
6.3.5 Particle size Distribution and Zeta Potential ........................................ 139 
6.3.6 Fourier transform infrared (FTIR) ....................................................... 139 
6.3.7 UV-Visible spectrophotometry ............................................................ 140 
6.4 Assessment of the effect of mesoporous silica nanoparticles on the 
bacterial surface .......................................................................................... 140 
6.4.1 Growth condition ................................................................................. 140 
6.4.2 Growth kinetics assay .......................................................................... 140 
6.4.3 Interaction study of Pseudomonas fluorescens and MSNs .................. 141 
6.5 Results and Discussions .............................................................................. 141 
6.5.1 Structural characterization ................................................................... 141 
6.5.2 Optical characterization ....................................................................... 152 
6.5.3 Elemental analysis of fabricated nanomaterials ................................... 153 
6.4.4 Assessment of toxicity of MSNs on agricultural important bacteria ... 156 
6.4.5 Interaction of bacterial cells and MSNs ............................................... 161 
Chapter 7 Conclusions and Future outlook ............................................................. 164 
7.1 Conclusions .................................................................................................. 164 








List of Figures 
Chapter 2: 
Figure 2.1 Model representation (a) total amount of fertilizer or manure applied to 
plants, (b) 10% to 40% of the applied fertilizer or manure is taken up by 
plants, (c) 60% to 90% of the applied fertilizer or manure is lost 
…………………………………………………..………………………….5 
Figure 2.2 Schematic representation: classification of seed treatment ...................…...13  
Figure 2.3 Diagrammatic illustration of various types of seed coating ..................…...14 
Figure 2.4 Diagrammatic representations of the main features of the arbuscular 
endomycorrhiza. Hypha develops from a spore, recognizes the plant cell 
surface and produces a hyphopodium on the root epidermis. This 
hyphopodium allows initial invasion.  It absorbs the inorganic nutrients that 
are transferred to the host plant through intraradicle hyphae. Intraradicle 
colonization culminates with the formation of arbuscules, little fungal trees, 
inside inner cortical cells and are the major site of nutrient exchange 
between fungus and plant. These finally branched structured produces 
vesicles, inter or intracellularly within the roots. These are swollen 
spherical or oval structures containing lipids, which are thought to be used 
for storage. ……………..............................................................................19 
Figure 2.5 Schematic diagram showing the mechanisms which are involved during the 
microbe –Plant interaction in rhizosphere …………………………….....21 
Figure 2.6 Diagrammatic representation of the nodulation process in soybean root….22 
Figure 2.7 Different forms of bioformulation and their preparation methods…………23 
Figure 2.8: Schematic representation of check points to achieve successful loading on 
and maintain long shelf-life …...………………………………………….34 




Figure 2.10: (A) Bacterial cell structure; (B) Internal view of arrangement of different 
membranes inside a cell envelope ………………………………………39 
Chapter 3: 
Figure 3.1: Direct and indirect mechanisms by plant growth promoting rhizobacteria 
…………………………………………………………………………….44 
Figure 3.2: Map of India showing states selected for sample collection sites ..……….47 
Figure 3.3 (A-C) microcosm set up in glass house. (D) Showing visual response upon 
seed coating with isolate in comparison to uncoated control ………….....53 
Figure 3.4 Distribution of isolates on the basis of their PGPR traits…………………..56 
Figure 3.5 Indole acetic acid production (A) bacterial isolates from right-left (PGP69, 
PGP77, PGP87, PGP89, PGP 49, PGP 53) producing IAA (B) IAA  
standards from 5-100µg/mL ....…………………………………………..57 
Figure 3.6 Quantitative estimation of IAA production by bacterial isolates in the 
medium with and without L- tryptophan ....………………………….......58 
Figure 3.7 screening of isolates for PGPR traits. (A) HCN production (1, 2) colour 
changes from yellow to orange or dark brown as compared to control (3); 
(B) Siderophore production (1, 2, 3 and 4) orange colour halo zones around 
bacterial colonies; (C) ACC deaminase activity (1) colonies on negative 
control media plate without ACC and Ammonium sulphate as nitrogen 
source, (2) colonies on media plate supplemented with ACC, (3) colonies 
on positive control media with Ammonium sulphate; (D) Phosphate 
solubilization (1,2 and 3),  clear zones of solubilization around bacterial 
colonies ...…………………………………………………………………61 
Figure 3.8 Quantitative estimation of phosphate solubilization in NBRIP medium after 
5 days……………………………………………………………………..62 
Figure 3.9 Percentage distribution of 90 isolates on the basis of nitrogen uptake in 
plants from higher to lower range ……….………………………………..65 
XVII 
 
Figure 3.10 Percentage distribution of 90 isolates on the basis of phosphorous uptake in 
plants from higher to lower range....………………………………………66 
Figure 3.11 Percentage distribution of 90 isolates on the basis of nitrogen uptake in 
plants from higher to lower range ……….………………………………..66 
Figure 3.12 Linear positive correlation between shoot height and Auxin production 
from all the treatments ...………………………………………………….69 
Figure 3.13 Linear positive correlation between fresh root weight and Auxin production 
from all the treatments ……………………………………………………70 
Figure 3.14 Phylogenetic relationship of PGP49 based on 16S rRNA genes and inferred 
using the neighbour-joining method. Numbers above each node are 
bootstrap confidence levels (expressed as percentages) generated from 500 
bootstrap trees .………………………………………...…………………71 
Chapter 4:  
Figure 4.1 Showing formation of nodules which is a multi-step process. Roots of the 
host legume plants release flavonoids which triggers the production of nod 
factors. These nod factors produced by the bacteria are sensed by roots and 
a number of biochemical and morphological changes takes place. These 
changes trigger the cell division in roots, leading to the formation of 
nodules. The bacteria enter inside the nodule with the help of infection 
thread and gets differentiate inside root cortex cells into bacteriods which 
fixes the nitrogen in plants ….…………………………………………….79 
Figure 4.2  Map of India showing sample collection sites (1) Sampling site in Bundi; 
(2) sampling site in Kota; (3) sampling site in Anta; (4) sampling site in 
Baran; (5) sampling site in Jhalawar; (6) sampling site in Indore …..……80 
Figure 4.3 (A) Growth on Yeast Extract Mannitol medium plate (YEMA); (B) growth 
on Congo red –Yeast Extract Mannitol medium plate (CRYEMA); (C) Fast 
growing isolates turned green color into yellow on BTB-YEMA plates; (D) 




Figure 4.4:  Scanning electron microscope showing rod-shaped root nodulating 
bacteria. Bar = 1µm…………………………………………………….....89 
Figure 4.5 Phylogenetic relationship of SOY4 based on 16S rRNA genes and inferred 
using the neighbour-joining method. Numbers above each node are 
bootstrap confidence levels (expressed as percentages) generated from 500 
bootstrap trees……………………………………………………………..90 
Figure 4.6 Showing nodulation in soybean roots after Bradyrhizobia inoculation (a) 
root nodules in plants inoculated with SOY1 isolate; (b) root nodules in 
plants inoculated with SOY2 isolate; (c) root nodules in plants inoculated 
with SOY3 isolate; (d) root nodules in plants inoculated with SOY4 isolate; 
(e) root nodules in plants inoculated with SOY5 isolate; (p) root nodules in 
plants inoculated with SOY6 isolate……………………………………...91 
Figure 4.7 Effect of Bradyrhizobia inoculation on nodule biomass of soybean plants 
under greenhouse conditions. Values without common letters differ 
significantly at p≤ 0.05 ….…………………………………................... ..92 
Figure 4.8 Effect of Bradyrhizobia inoculation on shoot height of soybean plants under    
greenhouse conditions. Values without common letters differ significantly 
at p≤ 0.05 …..……………………………………………………………..93 
Figure 4.9 Effect of Bradyrhizobia inoculation on shoot and root dry biomass of 
soybean plants under greenhouse conditions. Values without common 
letters differ significantly at p≤ 0.05  ...…………………………………..93 
Figure 4.10 Percentage nitrogen of plant tissue inoculated with different RNB under 
greenhouse conditions. Values without common letters differ significantly 
at p≤ 0.05 ....................................................................................................94 
Figure 4.11: The growth characteristics of SOY 4-B.japonicum. Growth was evaluated 
at the OD600nm measurement (Blue line) and the number of CFUmL-1 
±SD (Red line). Where error bars are absent, they are smaller than the 
symbol and E is 10Ʌ ……………………………………………………...96 
XIX 
 
Figure 4.12: Linear regression between shoot dry weight per plant (SDW) and N 
content per plant (%) of the plants from all the treatments …..…………..97 
Figure 4.13 Linear regression between root dry weight per plant (RDW) and N content 
per plant (%) of the plants from all the treatments...……………………...97 
Figure 4.14 Linear positive correlation between nodules per plant (NPP) and the 
acetylene-reduction assays of nodules from plants from all the treatments 
………………………………………………………………………….....98 
Chapter 5: 
Figure 5.1 Double-compartment root organ culture allowing separation of the radical 
and extraradical compartments ………………………………………….106 
Figure 5.2 Extraradical compartment images, (A) extraradical hyphae with formation of 
spores in control plate without any fungicide; (B) extraradical hyphae with 
formation of spores in presence of 100% recommended dosage of Maxim 
XL; (C) extraradical hyphae with formation of spores in presence of 100% 
recommended dosage of Ridoxyl; (D) extraradical hyphae with formation 
of spores in presence of 100% recommended dosage of Thirox 
…...………………………………………………………………………113 
Figure 5.3 Stained maize roots colonized by Glomus intraradices after 6 weeks of seed 
coating. (A): root samples of maize seeds coated with AMF and 
fludioxonil, (B): root samples of maize seeds coated with AMF and 
metalaxyl, (C) root samples of maize seeds coated with AMF and Thiram, 
(D): root samples of maize seeds coated only with AMF. IH (Red arrows) 
indicates the invasion of intraradical hyphae and V denotes the vesicles 
formed inside the maize roots ...…………………………………………114 
Figure 5.4 Arbuscular mycorrhizal infection percentage obtained from different 
treatments of fungicide and AMF coated maize plants after 8 weeks …115 
Figure 5.5 Viability testing of G. intraradices with different polymers in percentage. 




Figure 5.6 Viability of Bradyrhizobium Cells after 6 hours of incubation with 
commercial polymers ……...……………………………………………118 
Figure 5.7 Hours viability of Bradyrhizobium cells after 6 hours of incubation with 
commercial polymers …...………………………………………………119 
Figure 5.8: Viability of Bradyrhizobium cells in product formulation along with 
commercial polymers ...…………………………………………………119 
Figure 5.9 (A) greenhouse compatibility test and Micro-plots showing maize (B) 
control treatment, (C) treated plot; and (D) micro-plots showing soybean 
trials……………………………………………………………………...121 
Figure 5.10 Effect of biological seed coating on plant height of maize plants………123 
Figure 5.11 Effect of biological seed coating on various growth parameters on 
maize…………………………………………………………………….124 
 Figure 5.12 Effect of biological seed coating on grain yield and 100 grains weight of 
maize…………………………………………………………………….125 
Figure 5.13 Effect of biological seed coating on nutrient uptake of soybean plants in all 
the treatments ……………………………………………………………126 
Figure 5.14 Linear positive correlation between grain yield/plot and nitrogen uptake in 
plants from all the treatments ...………………………………………127 
Figure 5.15 Linear positive correlation between Dry shoot weight and nitrogen uptake in 
plants from all the treatments …..…………………………………….127 
Chapter 6: 
Figure 6.1 Hypothetical model of developing a nano-carrier loaded with amorphous 
nano iron and zinc ….................................................................................134 
Figure 6.2 Mechanistic aspect of the synthesis of nano form of zinc gluconate ..…...136 
Figure 6.3 Mechanistic aspect of the synthesis of nano form of iron gluconate …….137 
XXI 
 
Figure 6.4 Systematic representation of synthesis of FeZn@MSNs............................138 
Figure 6.5 (A) SEM image of MSNs, (B,  C and D) TEM images of MSNs after 2 h, 4 h 
and 6 h of calcination respectively, (E) nano-form of iron gluconate, and 
(F) nano-form of zinc gluconate ………………………………………...142 
Figure 6.6 Six categories of gas adsorption isotherms for porous materials with 
different pore size …….…………………………………………………143 
Figure 6.7Adsorption isotherms of nitrogen in mesoporous silica nanoparticles of 
different pore sizes. Closed symbols, adsorption, open symbols, desorption 
………………………………………………………………...…………144 
Figure 6.8: Pore –size distribution of the fabricated mesoporous silica nanoparticles 
using BET and BJH methodology. 4.3nm was the pore size of fabricated 
MSNs……………………………………………………………….……145 
Figure 6.9: Nitrogen adsorption/desorption isotherms at 77K of mesoporous silica 
nanoparticles……………………………………………………………..146 
Figure 6.10 XRD spectrum of fabricated nano forms of iron and zinc gluconate. 
Absence of sharp peaks confirms the amorphous structure of the samples. 
(A) XRD pattern of nano form of iron gluconate; (B) XRD pattern of nano-
zinc gluconate……………………………………………………………147 
Figure 6.11 FTIR spectra of the amorphous nano zinc gluconate showed two 
transmittance peak at 1620 and 617 cm-1 confirming the Zn-O stretching 
……………………………………………………………...……………148 
Figure 6.12 FTIR spectra of the amorphous nano zinc gluconate showed transmittance 
peaks at 580 cm-1 confirming the Fe-O-Fe stretching …………………..149 
Figure 6.13: Zeta potential of fabricated nanomaterials (A) zeta potential ofmesoporous   
silica nanoparticles, (B) zeta potential of nano iron gluconate, (C) zeta 
potential of nano zinc gluconate …………………... …………………...150 
XXII 
 
Figure 6.14 Particle size distribution of fabricated nanomaterials (A) particle size of 
nano iron gluconate, (B) particle size distribution of nano zinc gluconate, 
(C) particle size of mesoporous silica nanoparticles. …...………………151 
Figure 6.15: Time-dependent UV-Visible absorption spectrum of nanoforms of iron 
and zinc gluconate ….…………………………………………………...153 
Figure 6.16 Tauc plot depicted the energy band gap of nano forms of iron and zinc 
gluconate………………………………………………………………....153 
Figure 6.17 EDX outcomes, showing elemental composition of Zn (weight % and 
atomic %) ………………………………………………………………..154 
Figure 6.18 EDX outcomes, showing elemental composition of Fe (weight % and 
atomic %)……………………………………………………………...…155 
Figure 6.19 EDX outcomes, showing elemental composition of Si (weight % and 
atomic %)……………………………………………………………...…155 
Figure 6.20 TEM-EDX (A) point mapping EDX, (B, C & D) showing elemental 
composition of Fe, Si and Zn in the loaded nano-carrier (weight % and 
atomic %)…………………………………………………………….…..156 
Figure 6.21 MSNs stability (A) in nutrient broth and (B) in yeast extract mannitol broth 
media. The stability of MSNs (100µg/250mL-1) was monitored up to 96 
hours at 28 ± 2ºC. The bar graph illustrates that there was no significant 
change in the absorbance characteristics of MSNs……………………...157 
Figure 6.22 Growth curve analysis of P.fluorescens in presence of   different 
concentrations of MSNs ………………………………………………...159 
Figure 6.23 Growth curve analysis of Bradyrhizobium japonicum in presence of   
different concentrations of MSNs ……………………………………….159 
Figure 6.24 Assessing survivability of bacterial cells in presence of different 
concentrations of MSNs using CFU count method (A) showing petri-dishes 
with CFU/mL of Pseudomonas fluorescence at different concentrations of 
MSNs on nutrient agar medium, (B) showing petri-dishes with CFU/mL of 
XXIII 
 
Bradyrhizobium japonicum at different concentrations of MSNs on YEMA 
medium supplemented with Congo red dye …………………………….160 
Figure 6.25: Morphology and structure of bacterial cells under transmission electron 
microscopy, A and B normal/untreated Pseudomonas fluorescence cells at 
24 hours and 48 hours, respectively; C and D Pseudomonas fluorescence 
cells treated by 50µg/mL of mesoporous silica nanoparticles of 150-250nm. 















List of Tables 
Table 2.1 List of biological products developed so far by various seed coating 
companies…………………………………………………………………...10 
Table 2.2 List of binders/adhesives used in seed coating from the last two decades.....15 
Table 2.3 List of commercial polymers and their claimed properties…………………16 
Table 2.4 List of most commonly used fillers in seed coating………………………...17 
Table 2.5 List of patents filed on biological used for seed treatment, soil application and 
as biofertilizers……………………………………………………………...27 
Table 3.1 Agro-ecological regions, climatic conditions and their soil types of India used 
for isolation of plant growth promoting rhizobacteria………………...........48 
Table 3.2 Details of isolates, their host plants, fraction and geographical origins…….49  
Table 3.3 Production of HCN, siderophore and ACC deaminase enzyme…………….63 
 
Table 3.4: Assessment of growth parameters and macronutrients (N, P, K) uptake on 
maize plants after 60 days……………………………………………………………...68 
Table 3.5: Auxin production by rhizobacteria selected for microcosm studies………..69 
Table 4.1: Geographic co-ordinates of the sampling sites……………………………..81 
Table 4.2: Acetylene reductase activity (ARA) of root nodules of soybean cultivar DS-
9712 inoculated with six Bradyrhizobia isolates under controlled conditions. 
Values without common letters differ significantly at p≤ 0.05……………95 
Table 5.1 Dosage of fungicides used during in vitro compatibility studies with Glomus 
intraradices……………………………………………………………...106 
Table 5.2 Dosage of fungicides applied on maize seeds during compatibility studies 
with Glomus intraradices under greenhouse conditions………………...107 
XXV 
 
Table 5.3 Mean values of all growth parameters of different treatments along with 
control. Evaluation was performed at the time of harvesting after 90 
days……………………………………………………………………....116 
Table 5.4 Concentrations of N, P, K (ppm) in maize plants influenced by 
endomycorrhizal fungi (AMF) and fungicides after 90 days of 
sowing…………………………………………………………………...117 
Table 5.5 Influence of PGPR, carrier and polymer as seed coating formulation on 
growth of maize in greenhouse………………………………………..121 
Table 5.6 Effect of biologicals application on physiochemical properties of soil, 
showing pH, organic carbon values, and electrical conductivity values 
recorded at zero day and harvesting time from different plots………….122 
Table 5.7 Effect of biological seed coating on plant height, shoot and root dry weight in 
all the treatments………………………………………………………...124 
Table 6.1 Description of materials……………………………………………………134 
Table 6.2 Zeta potential and particle size determination of fabricated 
nanomaterials……………………………………………………………..152 
Table 6.3 Absorbance (600nm) of Pseudomonas fluorescens in presence of different 
concentrations of MSNs…………………………………………………161 
Table 6.4 Absorbance (600nm) of Bradyrhizobium japonicum in presence of different 












“The discovery of agriculture was the first big step toward a civilized life.” 
Arthur Keith 
Chapter 1 Introduction 
 
1.1 Rationale behind proposed work 
The notion of bio-agriculture is not new. There are many evidences which reveal that the 
application of beneficial microbes is the most feasible alternative to reduce chemical 
fertilizers in agricultural system [1]. In addition, the indigenous rhizospheric microbial 
population of agricultural soil is greatly influenced agricultural practices and by the plant 
exudates which cause changes to soil characteristics such as pH and carbon availability, 
impacting the diversity and activity of microbial populations [2-4]. In light of this, 
biofertilization has been considered as the best possible method for successful application 
of beneficial microbes. Also microbes have faster development cycles and fewer regulatory 
hurdles (means cost of development, and technology constraints as faced by GMO 
technologies) than other agricultural products for implementation. However, a major 
setback in using the present conventional biofertilizers is the lack of viability, shelf-life, 
variability of crop responses, high cost, large volume of inoculum and inconsistency in 
obtaining enhanced plant growth effect not in field applications. Considering these 
limitations, there has been a growing interest to develop such a methodology which could 
bring about a reasonably good degree of reduction of inoculum, longer shelf-life and at the 
same time ensure sustainability and must be cost effective.  Seed coating with biologicals, 
is the most promising approach to overcome these shortcomings. As seed coating is a low-
input technique in which active ingredients are applied directly on the seed using highly 
effective seed coating machines (www.croplifeamerica.org). Moreover, unleashing micro-
organisms into the new environment for example in the rhizosphere, then the added 
microbes has to interact not only with the plant but also with other microflora in soil, 





sharing the same niche). Introducing only micro-organisms rarely shows impact on plant 
growth and yield. There will always be a need for chemical pesticides and nutrients, but 
perhaps in smaller amounts as microbes are added to the formulation. So, there is a 
pressing need to develop biological formulations with effective indigenous microbial 
communities which can have suitability with carriers and compatibility with integrated 
crop management. 
1.2 Hypothesis 
Following hypothesis were considered before undertaking the described research work: 
1. Development of efficient functional bioassays for screening and selection of 
microorganisms would be vital for selecting most efficient microbes. 
2. Non-sporulating microorganisms need immobilization (which leaves the microbe 
in a dormant state suitable for storage) before they are coated around seeds. 
3. Delivery vehicles (carrying nutrients) which are vital for plants as well as 
microbial growth if they coexist in seed coating matrix. 
4. Greenhouse and field trials would be essential for validation of developed 
formulations 
5. Selection of microbial-based formulation will play an important role in achieving 
the compatibility with chemicals used in seed treatments. 
1.3 Objectives and Methodology 
1.3.1 Literature review on biological seed coating and materials for biological systems 
used: 
 Methods and products available for increasing the survivability, shelf-life 
of the microbes on seeds and attaining seed germination and vigour. 
 Validated commercially successful micro-organisms for maize, and 
soybean. 
1.3.2 Isolation, selection and characterization of beneficial microbes: 
 Isolation, screening and characterization of plant growth promoting 





 Isolation, screening, characterization and assessment of atmospheric 
nitrogen fixing ability by root nodulating bacteria. 
 Detailed studies on biochemical and molecular characterization of the 
selected isolates 
1.3.3 Compatibility study of microbial inoculants with commercially available         
fungicides and polymers used by seed coating companies: 
 Selection of fungicides used in existing seed treatment technologies. 
 Compatibility studies of microbial inoculants with those fungicides. 
 Compatibility studies of microbial inoculants with those polymers. 
1.3.4       Integrated approach for seed coating process: 
 Optimization of seed coating protocol for film coating 
 Seed coating with screened active ingredients/ consortia including selected 
biologicals, compatible fungicides and polymers on maize, and soybean. 
 Study on the survivability of coated microorganisms and their shelf-life 
before and after seed coating. Here, the focus was to test commercialised 
fungicides used by seed companies for coating of seed prior to sowing. 
1.3.5 Value- addition in biological seed coating: 
 Synthesis and characterization of nano forms of nutrients like Fe and Zn. 
 Synthesis of nano carrier such as mesoporous silica nanoparticles. 
 Loading of nano-nutrients onto mesoporous silica nanoparticles for their 
controlled and targeted release.  
 Interaction of selected biologicals with synthesised nano- carrier and their 
impact on the growth and survivability of biologicals when incorporated 
into same matrix. 
1.4    Outline of thesis 
This thesis consists of 7 chapters as follows: 
Chapter 2 provides a comprehensive review of the existing conventional seed treatments, 





recent studies in improving the shelf-life of microbial inoculants, nano-platforms used as a 
value addition in biological formulations. This chapter also explains the need and 
importance of biological seed coating in today’s cropping system.  In addition, 
economically low-input methods are also proposed to remove the hurdles in achieving 
sustainability in agriculture. 
Chapter 3 outlines all the materials and experimental procedures used in isolating the best 
and efficient plant growth promoting rhizobacteria. Methods for biochemical 
characterization such as Indole acetic production, phosphate solubilization ability, 
hydrogen cyanide production etc. and molecular characterization are described in details. 
For selecting the best isolate, greenhouse experiments with all the isolates using seed 
coating technique are illustrated. 
Chapter 4 aims at isolation and characterization of efficient root nodulating bacteria from 
soybean. Nitrogen fixing ability using acetylene reductase assay is also assessed. 
Chapter 5 outlines compatibility study of selected biologicals with the commonly used 
fungicides, polymers and clays throughout the globe.  This chapter also discusses about the 
efficacy evaluation of the developed novel formulation with the best compatible 
ingredients under greenhouse and field conditions. 
Chapter 6 explores ways for value-addition in biological seed coating. Introduction of nano 
platforms in the existing agricultural system is investigated. Synthesis of nano carrier for 
example mesoporous silica nanoparticles, nano forms of nutrients such as iron and zinc, 
characterization of structure, morphology and compatibility of these with selected 
biologicals are also studied in this chapter. 
Chapter 7 summarizes the major outcomes and contributions from entire research effort 
and identify gaps in the current study. Future research directions in this area are also 








Chapter 2 Literature Review 
2.1 Background 
Over the past two decades, food supplies have grown faster than the population in both 
developed and developing countries. However, the world is still struggling with 
insecurities in food. To find a balance between the demands for food and to conserve the 
natural resources still remain a challenge among the growing population. Modern 
agricultural practices depend heavily on the use of chemical fertilizers to meet these 
challenging demands and often unbalanced (over and under) fertilization has tried to 
amplify the food productivity but sustainability has become a bigger issue in the current 
times. In spite of applying huge amount of fertilizers to soils and plants they still have 
nutrients deficiency. Notable reason for this deficiency could be that plants get only 10% to 
40% of originally applied fertilizer and rest of the 60% to 90% fertilizer is lost [5-9]. 
(Figure 2.1, source: Adesemoye and Klopper 2009 [10]). Due to the immediate release of 
nutrients to the soil, irrespective of the plant’s needs, the chemical fertilizers may be lost to 
drainage or runoff causing  both surface and groundwater pollution, and in turn degrading 
the soil fertility and biodiversity. 
 
Figure 2.1: Model representation (a) total amount of fertilizer or manure applied to plants, 
(b) 10% to 40% of the applied fertilizer or manure is taken up by plants, (c) 60% to 90% of 






Basically, the idea behind the usage of fertilizers is to deliver nutrients to soil and plants 
but in practice this has been proved to be difficult as the amount of nutrients required by 
plants is much less than the amount of fertilizers delivered to the plants. This 
disproportionate dosage of fertilizers in soils leads to fatigue (lack of yield growth),    
which in turn, has resulted in low crop yield. Thus there is a need to look for an approach 
which could increase the food production without degrading the soil quality and also 
minimize the environmental problems which have emerged from using chemical fertilizers 
beyond the crop requirement [11]. In context of both the cost and environmental impact, 
excessive reliance on the chemical fertilizers is not a viable strategy in the long run due to 
cost, both in domestic resources and foreign exchange, involved in setting up of fertilizer 
plants (for manufacturing of fertilizers on large scale) and sustaining the production [12]. 
One of the solutions to eliminate the negative effect of chemical fertilizers is to use 
beneficial microbes as seed treatments [13]. Chemical based seed treatments remain to be 
dominant in the agriculture and seed industry but because of increasing public concern 
over the detrimental effects of using agrochemicals and fertilizers, chemical companies are 
engaged in research and marketing of biological seed treatments [14]. This increasing 
concern about the environmental impacts and interest in use of biologicals for control of 
pests, diseases and delivering nutrients to plants may lead to withdrawal of some pesticides 
from the market in the future [15]. Study and use of beneficial microbes as seed treatments 
with various crop species has a history of more than 70 years. Biological seed coating has 
gained importance in the field of precision farming crops as well as in the development of 
formulations for seed enhancement techniques. Unfortunately, in spite of laboratory and 
field demonstrations of the potential of beneficial microbes to improve plant performance 
there are still very few commercially available microbial seed inoculants. The major reason 
behind this is difficulty in maintaining viability of the biologicals during seed coating and 
storage of the coated seeds. To evade issues with instability of biological on coated seeds, 
many companies provide the biologicals formulated for seed coating application 
immediately prior to sowing. List of such formulated products in the last three years are 






Table 2.1: List of biological products developed so far by various seed coating companies 
Name of the product and 
company 
Biologicals in the 
formulation 





Concentrated liquid for on 
farm use 
Offers improved 
nodulation and yield 
potential 
VAULT SP– Becker 
Underwood 
Rhizobia strain 
Sterile, peat-based carrier 
for on farm-use 
Offers improved 
nodulation 
Rhizo-stick – Becker 
Underwood 
Advanced Rhizobia strain 
Peat-based inoculant for 
on-farm use. 
Offers high nodulation 
and higher yield 
EndoMaxima – Soil secrets Mycorrhizal concentrate 
Apply directly onto the 
seed just before sowing. 
Offers higher 
colonization and 
nutrient uptake Endomycorrhizal Inoculant-
BioOrganics 
Mycorrhizal concentrate Soil application Improves nutrient uptake 
and improves soil 





Once it is open, it should be 
used within 4 hours and 
apply directly onto the seed 
just before sowing. 





Once it is open, it should be 
used within 4 hours onto 
the seed just before sowing 
Offers high nutrient 





Once it is open, it should be 
used within 4 hours and 
apply directly onto the seed 
just before sowing 
Improves nodulation 










Once it is open, it should be 
used within 4 hours and 
apply directly onto the seed 
just before sowing 







Once it is open, it should be 
used within 12 hours and 
apply directly onto the seed 







Apply directly onto the 
seed just before sowing 










Once it is open, it should be 
used within 4 hours and 
apply directly onto the seed 
before sowing 
Supports crop potential 
by enhancing 
nutritional capabilities 
Trident – Precision 
Laboratories 
Rhizobia strain + PGPR 
(Plant growth promoting 
bacteria) 
Once it is pen, it should be 
used within 12 hours and 
apply directly onto the seed 
before sowing 
Higher nodulation and 
yield in soybean 
MicroAz-TerraMax Azospirillum 
Apply di ctly o to the 






yield Jumpstart - Novozymes Penicillium bilaii 
Apply directly onto the 
seed just before sowing 
Increases plant 
ability to take up 
nutrients 
BioBoostPlus- Brett Young 
Rhizobia +PGPR (Plant 
growth promoting bacteria) 
Apply directly onto the 
seed just before sowing 
Replenishes much 
needed nutrients in 








2.2 Seed treatment 
Treatment is a general term, which describes the range of materials, formulations, 
techniques, equipment and process applied to seed before sowing. The concept of “Seed 
treatment” first emerged during Egyptian and Roman periods in which seeds were soaked 
into sap of onion [16] . Until 1960, seed treatments were in use only as seed sterilizers and 
had not been moved into the plants. However due to lack of understanding of these 
treatments in terms of scientific proving they could not emerge out as an effective crop 
protection solution. It was in 1970’s, when first systemic fungicide was introduced into 
commercial formulations. The new compound called carboxin was used to control loose 
smut of wheat and barley. This chemical was as an effective treatment to control to seed 
borne pathogens and survived in wheat industry for more than 20 years [17]. This success 
opened a window for seed and seed treatment industries to use more chemicals for seed 
application to expand the spectrum of protection. The next major advance occurred in 
1990, with a launch of a new class of fungicides and insecticides as a ‘Morden seed 
treatments’ [18].  Since then seed treatments are being developed and used however till 
now no rescue treatment is available for below- ground pest control after planting. Today, 
there is a rapid growth in the use of seed treatments, in modern agricultural practices as 
they have the potential to deliver agents; “in the right amount, at the right place, and at 
right time” [19]. On the basis of types, seed treatment is divided into chemical and non-
chemical/bio-based seed treatment. Chemical seed treatment is further classified as 
fungicide, herbicide, nematicide and insecticide seed treatments.  Similarly, bio-based 
treatments are classified as treatments with bio-control agents and plant growth promoting 





Figure 2.2: Schematic representation: Classification of seed treatment 
Sometimes, seed bacterization is reported as seed coating method in many publications 
which is misleading. Bacterization usually means soaking of seeds or seedling roots with 
cultures of bacteria [20]. 
2.3 Conventional Chemical treatment 
The main aim of using the chemicals either as fungicide, insecticide, herbicide or 
nematicide was to provide an economical delivery system compared to other field 
application systems as only a relatively small amount of material is applied per hectare and 
in immediate contact with the target site [21]. Chemicals which are used for seed treatment 
are characterized on the basis of their mode of action against the soil borne pathogen.  
Following are the three categories of mode of action of chemicals used as seed treatments 
[22]: 
(a) Surface protection: Chemicals which creates a zone of protection to a short distance 
from the seed surface and kills the fungal spores in the soil. 
(b) Local systemic: Chemicals get absorbed by the internal seed tissue and moves only 
within the seed tissue. 
(c) Systemically translocation: Chemicals which moves towards the aerial parts and get 





2.4 Seed coating: a value addition in seed treatment 
The term “coated seed” refers to coating of a seed with an inert material. The main purpose 
of doing coating is to supply the coated material directly in the seed-soil interface. 
Conventional seed coatings were done to increase the seed size and to make it round just to 
facilitate precision planting as the uncoated “raw seeds” varied in shape and size (U.S 
Patent 2,579, 735; 1951). The two terms “Seed treatment” and “Seed coating” are usually 
considered to be same however they are not misnomer. Seed treatment can be defined as a 
method of treating seeds with some chemicals like fungicides, pesticides, insecticides, 
herbicides, nematicides and biological alone, without any additional carriers but Seed 
coating is “value addition” step for the seed treatment technology. Seed coating is a 
broader term which encompasses different types of seed coatings (i) film-coating, (ii) 
pelleting, (iii) encrusting. All the three types of seed coating have been developed in the 
past 40-50 years, using techniques from the confectionery and pharmaceutical industries 
[23]. 






2.4.1  Basic Ingredients used in seed coating  
2.4.1.1 Binder/adhesive  
In seed coating, a binder is composed of a polymer which can be natural or synthetic. The 
purpose of using polymer in seed coating is due to their adhesive properties, which ensures 
dust-free handling of seeds and make them smooth and flowable. Also polymer coating 
provides a seed extra shell which protects it through direct exposure to unfavourable 
environmental conditions during storage. After reviewing literature on polymers, listed 
below are the binders/adhesives which have been used in seed coating from the last two 
decades (Table 2.2) and their commercialized trade names and their properties (Table 2.3). 
Table 2.2: List of binders/adhesives used in seed coating from the last two decades (US 
Patent 0220454, A1; 2012). 
Polymers 
Polyvinyl acetates 
Polyvinyl acetate copolymers (ethylene) 
Polyvinyl alcohols 



























Table 2.3: List of commercial polymers and their claimed properties 
 
Polymer Property Company name 
Polykote TM 
Restrict the oxygen movement 
and thus reducing the 
respiration of seed embryo 




Littlekote Yellow Water soluble polymer 
Little oriental balm 
ltd 
Unicoat 









Super absorbent corn starch 
based polymer- slow release 





Film forming ingredient 




Disco clear Water soluble Incotec 
CF clear Water soluble polymer Becker wood 
Flo Rite® 1197 Water dispersible Becker wood 
Polymer 1172-O Water soluble Becker wood 
Secure 67C Water dispersible Becker wood 
COMBICOAT® 
STICKER 
water-insoluble, but water 
permeable, 
SATEC 
At l OX TM  (vinyl acetate 
and copolymer) 
High humid resistance, water 
soluble, temperature 
Croda Inc. 
SELVOL TM  Polyvinyl 
alcohol polymer 
Low viscosity partially  
hydrolysed polyvinyl alcohol 
Sekisui 
 
2.4.1.2 Fillers/carriers  
Fillers are used for increasing the loading rate of the active ingredients (mostly in pelleting 
and encrusting) [24]. Listed below, Table 2.4 are the most commonly used fillers in seed 
coating and have been extensively used in preparation of bioformulations either as soil 



























2.5 Advantages of seed coating 
Precision targeting: Seed coating are not subject to spray drift. Because chemicals are 
applied directly to seeds, little is wasted on non-target sites such as bare soil. 
Optimum timing: Seeds and seedlings are generally more vulnerable to diseases and insects 
than mature plants. Appling coating to seed surfaces allows agrochemicals/biologicals to 







Diatomaceous earth (CeliteTMNavajo Brand B®) 
Calcium carbonate 
Clays and inorganic solids: 
 Calcium bentonite 
 Kaolin 






 Quartz powder 
 Montmorillonite 
 Attapulgite 
Cereal flours:  
 Wheat flour 
 Oat flour 





Low Dose: Relatively small amounts of agrochemicals/biological are used in seed coating 
compared to conventional methods. This reduces the cost and potential impact to the 
environment. It also reduces the probability of agrochemical residues in harvested grain. 
Easy to apply: Seed coating process is relatively easy and cheap to apply compared to 
conventional methods like broadcast applications in form of spray and soil application 
[26]. 
2.6 Biological seed coating: a pathway to ever green revolution 
The term ‘biological’ implies a group of microbes which are associated to the root 
environment. During their association with the roots, they exert beneficial effects by 
stimulating plant growth through mobilizing nutrients in soils, producing numerous plant 
growth regulators, protecting plants from phytopathogens by controlling or inhibiting 
them, improving soil structure and bioremediating the polluted soils by sequestering toxic 
heavy metal specie. Such microorganisms are also called as beneficial/helper microbes. 
These beneficial microbes are dividing into three major categories depending upon the way 
they are helpful to plants: (i) Plant growth promoting microorganisms (Arbuscular 
mycorrhizal fungus and plant growth promoting rhizobacteria (phosphate solubilizers, iron 
solubilizers etc.), (ii) Nodule promoting rhizobacteria (NPR) [27] and (iii) Biocontrol 
agents (BCA) [28]. 
2.6.1   Arbuscular mycorrhizal fungus  
Frank in 1885, used term ‘mykorrhiza’ for the first time to define a modification appeared 
in root structures of forest trees due to the association of a fungus with the plant [29]. Out 
of seven different categories of mycorrhizal symbiosis, Arbuscular mycorrhiza is 
considered as the most ancient and widespread form [30] and denoted as “Mother of plant 
endosymbiosis” by Martin Parniske 2008 [31]. The symbiotic association starts with the 
formation of special type of appresorium called hyphopodia, which is developed from 
mature hyphae. This is followed by sequential chemical and mechanical stimulation, which 
triggers the plant to prepare a prepenetration apparatus (PPA). Now, the fungus extends 





apoplast and start growing along root axis.  This extension of hyphae then induces the 
formation of tree like structures called as “arbuscules”. These arbuscules are known as the 
main site of nutrient exchange between a fungus and plant [31, 32]. This shows that hypha 
is mainly responsible for supplying nutrients (predominately phosphorous) and water from 









Figure 2.4 Diagrammatic representations of the main features of the arbuscular 
endomycorrhiza. Hyphae develop from a spore, recognize the plant cell surface and 
produce a hyphopodium on the root epidermis. This hyphopodium allows initial invasion.  
It absorbs the inorganic nutrients that are transferred to the host plant through intraradicle 
hyphae. Intraradicle colonization culminates with the formation of arbuscules, little fungal 
trees, inside inner cortical cells and is the major site of nutrient exchange between fungus 
and plant. These finally branched structured produces vesicles, inter or intracellularly 
within the roots. These are swollen spherical or oval structures containing lipids, which are 
thought to be used for storage [33]. 
 
2.6.1.1 How arbuscular mycorrhizal fungus increases the uptake of nutrients in plants 
When soluble fertilizers are applied to soil, the concentration of Phosphorous in the soil 
increases and then declines [34]. The decrease in concentration of phosphorous is due to 
absorption of phosphate ions by various soil constituents and this phenomenon is known as 
“Fixation”. According to Barber 1984 [35], nutrient ions reach the root surface by three 
processes: Root interception, Mass flow and Diffusion. In case of phosphate, out of these 









Amount of nutrient absorbed by plant through diffusion mechanism depends on the rate of 
diffusion and diffusion coefficient. If diffusion coefficient get lowers then more will be the 
reduction in the concentration at root surface. Plant roots get access to only phosphate 
which is near to root (Diffusion zone). As mentioned above, the moment the fertilizers are 
applied to soil, soil absorbs these nutrients; this lowers the diffusion coefficient which in 
turn creates concentration gradient hence, only phosphate available near the root is 
accessible by plants. Many studies have shown that mycorrhizal associations have 
increased the plant growth by uptake of phosphate [36-40]. Following are proposed 
mechanisms through which AMF enhances the plant growth: (i) Mycorrhiza help in 
exploration of more soil volume through extraradical hyphae, which in turn increases the 
surface area of root and decreases the diffusion of ions [41-43]. (ii) Extra radical hyphae of 
mycorrhizae enter into the pores of soil and organic matter which cannot be entered by root 
hairs [44]. (iii) Mycorrhizae solubilize organic phytates, mostly supplied through chemical 
fertilizers by realizing phosphatases and provide the solubilized form to the plant roots 
[45]. (iv) Mycorrhizae stores the absorbed phosphorous and facilitates continue movement 
of P into hyphae. It stores P in three forms: Soluble orthophosphate, soluble polyphosphate 
and Polyphosphate granules [46-48]. 
2.6.2 Plant growth promoting rhizobacteria 
The term PGPR was coined by Klopper and Scroth in 1978 [49], to describe bacteria that 
colonize plant roots and in doing so, they promote plant growth and protect plants from 
pathogenic attacks.. PGPRs improves the nutrient uptake by altering  plant hormone levels 
which in turn, increases the surface area of roots by increasing root branching, mass, length 
and amount of root hairs. Thus, these root structures help the plant to absorb more nutrients 
from soil [50]. It also produces siderophores that chelate iron and make it available to the 
plant root [51]. Apart from improving nutrient uptake from soil, studies have shown that 
PGPRs also enhances biosynthesis of furanone, a flavor compound in strawberry [52] and 
synthesis of the enzyme 1-amino cyclopropane-1-carboxylate (ACC) which helps in 
decreasing the levels of ethylene , this in turn reduces the environmental stress on plants 
[53]. The exact mechanism behind these beneficial properties of PGPRs is still unclear but 





mechanism which involves a combination of indirect and direct mechanisms [53, 54] 









Figure 2.5: Schematic diagram showing the mechanisms which are involved during the 
microbe –Plant interaction in rhizosphere 
2.6.3 Nodule forming Rhizobia 
Leguminous plants absorb nitrogen from the air by working symbiotically with special 
bacteria “Rhizobia”.  This phenomenon of absorbing nitrogen from air and using it in 
building up amino acids and proteins by plant is called as “Biological Nitrogen Fixation” 
[55]. These rhizobia forms nodules on legume plant roots by infecting the root hair and 
these developed nodules are the actual small nitrogen factories which help the plant to 
produce food and forage proteins. These rhizobia currently consist of 98 species in 13 
genera (https://www.rhizobia.co.nz/taxonomy/rhizobia). It is important to note that there 
are other non-rhizobial species present in these genera. For example, in the Rhizobium 
genus, there is Rhizobium radiobacter - formally known as Agrobacterium tumefaciens as 
the ‘Agrobacteria’ do not form nitrogen fixing symbiotic root nodules (unless they contain 
a symbiotic plasmid [56]. These rhizobia are rod-shaped, aerobic, motile and non-
sporulating bacteria. Also, these rhizobial cells are 0.5 to 0.9 microns in diameter and 1.2 
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to 3.0 microns long. The following figure shows the nodulation process in soybean roots 
(Figure 2.6). 
 
Figure 2.6: Diagrammatic representation of the nodulation process in soybean roots [57] 
2.7 Why there is a need of biological seed coating 
In the last 15 years, extensive research has been done towards introducing beneficial 
microbes as “Bioformulations” in agriculture practices as a partial alternative to chemical 
fertilizers, insecticides and pesticides. Bioformulations are defined as preparations of 
micro-organisms, either as single or in combination of microbial strains with various 
materials [58]. Bioformulations were industrialized with the aim of increasing soil fertility, 
plant growth and plant protection. Inoculation of microbes has agronomic utility as the 
number of beneficial microbes (AMF, PGPRs and Rhizobia) which exists in soil is not 





Bioformulations are divided into three forms depending upon physiological and physical 
form of microorganisms and preparation methods (Figure 2.7, [59]). 
2.7.1 Solid carrier based formulations 
Carrier plays a major role in formulating the microbial inoculants that aid in delivering 
biologicals to soil. Carriers are basically divided into three forms (i) soil: peat, charcoal, 
clays and inorganic soil [60-62]. (ii) Plant waste materials: farmyard manure [63] and plant 
debris [64]. (iii) Inert materials viz. vermiculite [65, 66], ground rock phosphate, 









Figure 2.7 Different forms of bioformulation and their preparation methods 
2.7.2 Liquid Formulations  
In liquid formulation [69], microbes are directly fermented in the liquid medium or added 
to the liquid base, dried and then again suspended in the liquid medium. Frequently used 
polymers in the preparation of liquid inoculant are polysaccharides (gum arabic, 
carboxymethylcellulose) and derivatives of polyalcohols [59]. Mostly dormant microbes 
are used in polymer based formulation and in aqueous based formulations (metabolically 
active microbes). Liquid inoculants are used in two ways: (i) as a Spray on the emerging 
seedlings. (ii) by a ‘slurry method’ – mixing seeds with a slurry of inoculant and sticker 





2.7.3 Dry powder formulations 
Various processes are involved in preparation of dry formulations like spray-dry, freeze-
dry or air dry. Mostly spore forming microbes are used in combination with protectants 
like skimmed milk and gelatin [70]. 
For nearly 100 years, bio-formulations have been developed around the world, chiefly by 
small companies [71]. But in 1985, first commercial preparation of Bacillus subtilis have 
appeared on the market under the trade name of Kodiak for protecting plants from soil-
borne pathogens After a decade, next commercial product was successfully launched in the 
market, this includes some of the fungal taxa and are currently marketed as Environmental 
Protection Agency [EPA] registered biopesticides in United States belong to the genera, 
Ampelomyces, Candida, Coniothyrium, Trichoderma [72]. Today, despite of incorporation 
of new advanced technologies and bioformulations in agriculture worldwide, the 
performance of bio-formulations is inconsistent and thus failed to attract farmers to use 
them as a substitute of chemical fertilizers. Though the number of products is growing, 
these products still denote only about 1% of agriculture chemical sales [73]. This indicates 
that bioformulations are still not proved to be compatible with agricultural needs. 
2.8 Drawbacks in commercializing bioformulations 
Various factors are responsible for limiting the use of bioformulations. 
2.8.1 Soil: unpredictable environment 
Soil is an erratic environment [58]. The semi-arid conditions of soil, high salinity and soil 
erosion quickly deteriorate the inoculated bacteria. Thus, expected results are difficult to 
obtain. Another reason for decline in survivability of the microbes is due to their direct 
exposure to soil environment which is a battle field. The simple nutritional requirement and 
the ability to use many carbon sources that exude from the roots and to compete with 
indigenous microflora may explain their ability to colonize the rhizosphere (Mazzola and 
Cook 1991). To protect the microbes from the direct exposure and for increasing their 
survival, carriers (solid and polymers) are included in the bioformulations which helps in 





2.8.2 Unsuitable solid carriers 
To date, most marketed bacterial inoculants are peat based formulations [71, 74]. 
Variability and Heat sterilization are the major drawbacks of solid carriers (i) Variability 
arise because of peat is undefined, complex organic material. This affects the final product 
and also causes problem for survivability and protection of bacteria till it reaches the field 
[75]. (ii) Heat sterilization may release compounds that are toxic to bacteria [60]. Huber et 
al.1989 [76], also reported that peat can reduce plant growth and is easily prone to 
contamination which results in reduced shelf-life, poor quality and unpredictable field 
performances of microbes (Monsanto BioAg 
(2016) www.monsanto.com/products/pages/jump-start-
canada.aspx; http://dunhamtrimmer.com/wp-content/uploads/2012/07/Biocontrol-in-Asia-
Gaining-Momentum.pdf. Further, regular monitoring for quality control is also needed. All 
these drawbacks forced the agro industries/companies to switch over on liquid 
inoculations. 
2.8.3 Liquid formulations: fails to provide long shelf-life 
 Till today, rhizobial inoculants have dominated in the bio-formulation market. Many 
liquid formulations are patented in many developing countries but failed to appear on the 
commercial market [77]. The most important factor in developing microbial formulations 
is the ability to deliver viable microbes consistently. It is needed that the number of viable 
cells remains consistent from the production to the end use. But many of the 
commercialized liquid formulations failed to offer consistent viable bacterial cells in them. 
The major factor responsible for poor shelf-life of liquid formulations is temperature which 
leads to the failure of these bio formulations. Many liquid inoculants failed to tolerate 
temperature fluctuations during shipment and storage.  Recently some advanced 
technologies have been introduced to increase the shelf life of biological viz. air dried and 
lyophilized preparations. This has improved the resistance from temperature fluctuations to 
some extent. The major reason of  failure of lyophilized preparations  is desiccation, which 
is further dependent on relative humidity and water status [78, 79]. A study of the survival 





were two distinct phases of death [80]. After an initial rapid decline in cell numbers 
between 0 and 24 h that coincided with a rapid loss of water, the water loss and cell death 
rate became insignificant. Cells survived best at 100% relative humidity but at any relative 
humidity below 60%, no viable cells were detected after 27 h.  Also, for survival of 
bacterial cells slow rehydration is also an  important factor, these fluctuations due to 
hydration [81] and rehydration caused  leakage of important cell constituents [82] Such 
leakage is indicative of membrane damage [83]. Slow rehydration, when dried cells were 
equilibrated at intermediate water activities before full rehydration, resulted in better 
survival than when bacteria were rapidly rehydrated [81]. The stress of desiccation is 
further complicated by the toxic nature of O2 [82, 84]. Two stages of desiccation were 
identified: partial dehydration when the relative humidity was still high and dehydration 
where relative humidity was below 70% and where O2 became toxic. The targets of O2 
damage were proteins, membranes and nucleic acids [85]. Protein damage through metal-
catalysed (Fe3+) oxidation reactions and lipid peroxidation leads to a loss of membrane 
semi-permeability and ultimately cell lysis. Accumulation of breaks in the DNA molecule 
occurred during exposure of bacterial cells to the superoxide anion radical (O2
-) and 
hydrogen peroxide (H2O2). O2 has a detrimental effect on the survival of freeze-dried 
bacteria [86, 87]. 
But polymer addition proved uneconomical and does not provide long term survivability. 
Apart from this soil inoculation of these bioformulations useless for bacteria like 
Azospirillum sp. which has poor survivability in the soil. Further storage of bio-
formulations requires special facilities and skills, which most producers, shopkeepers and 
farmers do not possess. This necessitates the development of new strategies to overcome 
the drawbacks of biological formulations and can compete with conventional formulations 
[88]. Numerous patents have been filed on inoculants having biologicals, which have been 

















US3719466    1976 
Coating of crop seeds with non-phytotoxic quantity of an antagonistic agent  
for a selective herbicide 
US4589226    1986 
Plant fertilization systems, and more particularly to the use of microorganisms 
for extracting phosphorus from soil, rock phosphate, or commercially refined 
phosphate sources and distributing these materials to plant root systems 
without absorptive loss to clay minerals and other soil constituents. 
US5916029    1993 Liquid inoculant for soyabean seed coating  having Brdayrhizobium japonicum 
US5344471    1994 
Non-phytotoxic roots coating compositions comprising a polymer, VAM 
propagules, and a fungicide that selectively inhibits pathogenic fungi are 
provided 
US5409509    1995 
Combating harmful organisms on seeds wherein said seeds are treated by 
irradiation with low-energy electrons in combination with application of 
microorganisms antagonistic to said harmful organisms 
US558411    1996 
Methods and compositions for increasing the availability of soluble phosphate 
and fixed nitrogen for legume 
US 
20006156699 
   2000 
A seed with a coating which comprises: a first layer which comprises a binder 
and a particulate solid, second layer which comprises a simulating substance, 
third layer which comprises at least one member selected from the  
group consisting of a biological material and a phytoprotection product 
US6745512    2004 Process and device for treating seeds in order to combat harmful organisms 
US 
2004200139 
   2004 
Increasing ectomycorrhizal colonization of the roots of trees using an alkali 














healthy and impaired trees 
US6871446    2005 Microbial blend compositions  
US5484464    2006 
Methods and compositions for increasing nodulation, nitrogen fixation, plant 
growth and productivity in legumes by inoculation of legumes with Rhizobium 
spp. 
US7189677    2007 Rice seed with an agriculture chemical 
US 
20080072494 
   2008 
A liquid micronutrient elicitor involving a cell to cell signal transduction 
system within a plant which is applied to propagules (seed and/or plant) causes 
natural defensive responses to be produced by the seed and/or plant. This 
substance may exist as a seed coating, irrigation water, and/or foliar spray for a 
period of time so that the propagules 
 may have enhanced disease control until the propagules develops sufficiently 
to fend for itself against parasitic nematodes. 
US 7632493    2009 
Novel microbial formulation containing B. subtillis WG6-14 endospores 
 by liquid formulation  
US7666406    2010 
Products as foliar spray and dusting biological treatment i.e. both solid and  
liquid formulation having APM-1 strain with inert carrier material 
US 
2010/0154299 
   2010 
Seed coating with antagonistic microorganism by vacuum inoculating seeds  
with the antagonistic microorganisms 
US 
2011/0225679 
   2011 
Use of Gluconacetobacter with reduced with reduced use of nitrogen fertilizer 
to improve beet crop production 
US2012006506
0 

















   2012 
Uses a combination of biological control agent Bacillus firmus with  
nematicidal (abanectin) seed coating 
US2016010058
6 






2.9   Recent developments in seed coating 
Seed coating with beneficial microbes is an efficient and cost effective way of precisely 
inoculating the root zone of plants, at the point where the seed germinates in the ground. 
This ensures that the beneficial microbes are readily accessible to the root at the critical 
“early germination” stages, facilitating early, healthy and rapid development, and improved 
uptake of plant nutrients. This has caused an interest of seed coating industries to greatly 
enhance their inputs for coating on seed with biologicals as a substitute to harmful 
synthetic agrochemicals. However, in spite of the growing market of seed treatments, 
which account for global market of $ 2,287 million in 2012 and is projected to grow to a 
valued at $ 41,904million by 2018. The viability of the bacterial strains involved and the 
quality of the products that contain them are questionable. The survival ability of the 
biologicals in the formulated product always remain at risk as during preparation of 
biological based formulations, the microbes are exposed to adverse physiochemical 
conditions. Therefore, a formulated product for seed coating must be examined for not only 
the viability of biologicals on the seed surface but also for their survival in soil after 
sowing of the coated seed. Fortunately, they are some technologies that help to improve the 
survival of these bacteria during the formulation processes. Among them, cell 
immobilization with special references to microbes, has engrossed the global interest. Cell 
mobilization refers to a process of keeping cells at one place by limiting their movement 
[89]. Cell immobilization technique has been proposed to achieve high cell densities for 
longer period of time and their recovery for higher product yields [90]. The pioneering 
work in this field was carried out by Chibata [91] by immobilizing microbial cells for 
continuous production of L-aspartic acid [92]. Since then the microorganisms were 
immobilized for commercial development and profits in varied range of industrial sectors 
including agriculture [93, 94]. In various biotechnological processes, the application of 
immobilized microbial cells was found to be profitable over the use of free cells [95, 96]. 
In spite of low cost and simplicity of this method, it faces serious limitation of extensive 






Normally, commercial and experimental cell immobilization are categorised on the basis of 
the following methods of cell immobilization [98]:  
1. Entrapment of cells into polymer gels or porous supports 
2. Adhesion of cells on  micro carrier surface 
3. Capturing cells behind membrane 
The selection of entrapment method depends on many factors, including the potential for 
large scale production, cost, particle shape and resistance and, most importantly, the 
resulting viable bacterial count. The most common system of immobilization is entrapment 
of cells in a gel matrix of alginates [99]. As the technique of immobilization or entrapment 
was further developed, the cell immobilization technology has evolved into encapsulation 
of cells [98]. 
2.9.1 Microencapsulation: an approach to protect the microbes 
Encapsulation is the process of forming a continuous coating around an inner matrix that is 
wholly contained within the capsule wall as a core of encapsulated material [100]. 
Encapsulation method not only helps in increasing the viability of cells during storage but 
also conferred additional protection to cells during Lyophilization [101]. 
Microencapsulation technique have been explored broadly for numerous applications 
including biomedical, agriculture systems, bioremediation of pollutants in soils and water 
and has been stated as technology to protect sensitive substances like biologicals, against 
the effects of adverse environments [102, 103]. But the use of this technique in 
encapsulating desired biologicals and their coating on seed is still in research phase. The 
most promising feature of this technique which has attracted the attention of numerous 
researchers is that it improves the stability of microbial cells, shield the cells from 
mechanical or chemical damage and sustain large bacterial populations for extended 
periods. Encapsulation of microbes with polymers was developed to improve their shelf 
life on seed, but this approach is still in experimental stage of seed coating technology. 
According to the definition given by Johan[88], encapsulation is the technique which 





over the conventional formulations for example; encapsulation of microbes protects them 
from adverse outer environmental conditions, allows controlled release of cells to the 
surrounding environment [95] and also helps in improving the viability of microorganisms. 
There are two types of encapsulations: Macro and Micro. Macro encapsulation is usually 
done by encapsulating the cells with surface coating materials like resins and plastics [88]. 
But macro encapsulation has few drawbacks such as macro-encapsulated microbes are in 
less contact with the seed which may hinder bacteria to move through the soil towards 
plants and huge loss of inoculants on seed during macro-encapsulation preparation [88], 
These issues can be solved by encapsulation of microbes with micro beads of size between 
10-100μm [104]. Microencapsulation is done mostly with polymers. Various methods have 
been used for micro encapsulation of bacterial cells: extrusion, spray drying, emulsion 
technique, solvent extraction, thermal gelation, coacervation [105, 106]. Alginate is used 
widely as biomaterial for encapsulating microbes [107].Various factors affects the micro 
encapsulation technique; like resistance and mechanical stability of coating materials for a 
capsule. These two factors are very crucial for storage purpose and agricultural 
applications. Other factors are: interaction of coating materials with microbes, their 
hardness, freeze drying, spray drying, micronization, bead size and cell load [108]. Several 
additives (Sepiret 1039G) are also used in increasing the stabilization and survivability of 
loaded cells [109]. If the consortium of microorganism is to be used for seed coating then 
co-encapsulation will be ideal. But it might have few limiting factors like compatibility, 
because if mixed inoculum of bacteria and fungus is to be co-encapsulated then, there 
compatibility should be checked before co encapsulation. 
2.9.2 Electrospinning: an extension of encapsulation of biologicals 
The encapsulation of biological material in a dry form while preserving its activity is 
important for many applications.  An extension of this technique is ‘Electrospinning’ 
[110].  Recently, this techniques has received substantial attention as the high surface area 
of the electrospun fibres, it offers great potential for encapsulation and controlled release of 
biologicals [103, 111]. Electrospinning is a common method to produce nanofibres with a 
diameter in the range of 100nm or even less [112, 113]. Various polymers are used in 





survival, the technology has not been adopted by the inoculant industry because of the high 
cost of increased technical handling. This further deters the farmers to use encapsulated 
bacteria as a biofertilizers. All these factors can be overcome by using abundant and 
cheaper materials for the encapsulation in conjunction with sits seed coating application in 
combination with mycorrhiza. 
2.10 Bottlenecks in developing a formulation for seed coating  
 
Numerous studies have been conducted on biological coating with different materials like 
polymer, carriers, fungicides, insecticides etc. But the studies remained confined to the 
laboratories only. Till date, very few formulations for seed coating with biologicals alone 
or in combinations with other seed coating materials are commercially available. The 
major limiting factors in commercializing the biological formulations for seed coating are: 
Limited dose capacity: The amount of active ingredients in formulation whether it is 
biological or pesticide or fungicide, applied on seed is limited by how the amount of 
material will actually adhere to the seed. Seed coating technologies are helping the industry 
overcome this limitation. However, phytotoxicity and toxicity to biologicals may still pose 
a problem. 
Limited duration of protection:  The duration of protection is often short due to the 
relatively small amount of chemical applied to the seed, dilution of the chemical as the 
plant grows, and breakdown of the chemical. 
Limited shelf-life of coated seed: Producing excess coated seed is undesirable because the 
shelf-life of coated seed may be limited. Surplus coated seed cannot be sold for grain. 
Apart from shelf life, compatibility of biologicals with polymers and other ingredients of 
coating, assurance of accurate loading of precise number of cells on seed and stability are 
another important characters if multilayer coatings should be applied [114, 115]. All these 
studies are still in experimental field because most of the formulations developed are tested 
under artificial and controlled conditions and thus proved inadequate for field conditions. 
Apart from this, the particle size and particle size distribution of all the ingredients used in 





Further, polymer selection may varies depending upon which seed is to be coated like for 
soybean, which has higher uptake of water as compared to wheat and Corn, hydrophobic 
polymer should be used. Microbes also need aeration to survive and remain alive till the 
coated reaches the soil. So porosity of the polymer is also a crucial factor in survivability 
of microbes and effectiveness of the coating. An ideal coating with all these microbes 
should have following characteristics:  
 Fungicide should be compatible with microbes. 
 Polymer should have hygroscopic and moisture retention properties. 
 Coating should be thin, water soluble and should not hamper the normal 
germination of seed. 
Following are the check points which should be considered to maintain shelf-life of 
biological formulations (Figure 2.8 [116]): 
 
 
Figure 2.8: Schematic representation of check points to achieve successful loading on and 
maintain long shelf-life  
 
Ingredients 
 Polymer, fungicides, carriers, Nano-
nutrients 
 Selection of suitable polymer and its 
toxicity check on seed 
 Compatibility of ingredients with  
biologicals 
Biological inoculum 
 Age, purity, number 
 Compatibility check if consortia 
is used 
Seed coating formulation 
 Thickness of the coating layer 
 Optimization of précised dosage 
 Optimization of coating method (film 
coating, pelleting and encrusting) 
 Optimization of mode of inoculum to be 
coated: Lyophilization or micro 
encapsulation 




 Relative humidity 





2.10.1 Need of improvement in the existing system with innovation  
 
Nanotechnology has left no field untouched by its scientific innovations. Nano science has 
elbowed itself in agriculture and is now re-shaping our agricultural system. Transforming 
materials into Nano-scale will change their physical, chemical and biological properties 
and may be it will increase their solubility and penetration into cell membrane [117]. Many 
research groups are working on connecting the dots between Nanotechnology and 
Agriculture has proved successful at a certain level. Nutrient imbalances in soil and crop 
plants have attracted many scientists to look for the solution. Although the research in this 
area is at very nascent stage but still, in period of time, few products have been developed 
like “Nualgi” – a nano nutrient. It contains all micronutrients in the nano form and is 
biologically available for plant adsorption (www.nualgi.com). It has increased the crop 
yield. In 2011, a study was conducted at Ferdowsi University of Mashhad, Iran, which 
showed that nano iron oxide (25-250 nm) increased the adsorption of Fe by plant roots as 
compared to normal iron oxide (0.02-0.06 mm). Many studies were conducted on both 
positive and negative effects of introducing the Nano nutrients in to plants. Summary of 
these studies is given below: the application of nano-TiO2 increases the photosynthesis, 
nitrogen metabolism and growth of spinach at proper concentration [118-120]. Another 
study reported that uncoated alumina particles (nano-Al2O3) inhibited the root elongation 
of corn, cucumber, soybean, cabbage and carrot [121]. Lin and Xing  [122], conducted a 
study on phytotoxicity of nanoparticles on seed germination and root growth of six higher 
plant species. Results demonstrated significant inhibition on seed germination and growth 
during incubation process. Prasad et al.  [123], conducted a study on effect of Nano scale 
zinc oxide particles on the germination, growth and yield of peanut, results showed that 
foliar application of Nano scale ZnO particles increased the pod yield by 29.5% as 






2.10.2 Nanocarriers: nutrients along with biological formulations 
The application of mesoporous silica nanoparticles as a drug delivery tool in mammalian 
systems is more advanced compared to their use in agriculture which is still a relatively 
new concept [124-128]. However, the application of nanotechnology to agricultural crops 
has recently gained much interest with one such application being the controlled release of 
agrochemicals [129]. In particular, silica-based nanoparticles have spawned importance as 
a potential delivery agent of agrochemicals in plants. This is mainly due to their structure 
flexibility in forming nanoparticles of various sizes and shapes, and also their ability to 
form pores for loading biomolecules [130-132]. In addition, silica is known for its role as a 
micronutrient involved in plant growth, regulation and stress [133-137]. 
2.10.3 Mesoporous silica nanoparticles (MSNs) as a “nano-carrier” 
In the past decades, mesoporous silica nanoparticles (MSNs) have attracted great attention 
because of their high surface area, ordered porous structure, stability, controllable pore 
diameter and excellent biocompatibility. Mesoporous silica nanoparticles can be classified 
as hexagonal, cubic, lamella and biocontinuous [138, 139]. Most commonly used MSNs 














 2.10.4 Loading of nutrients into nano-carrier 
Nano-sized silica materials provide not only excellent intrinsic properties, such as low 
toxicity, excellent chemical stability and versatile functionalization chemistry, but also 
have the capability of being platforms to be integrated with, other nanomaterials [140]. 
Silica based nanomaterials with new functionalities have been continuously developed 
[141].  There have been attempts to incorporate inorganic nanoparticles into the siliceous 
matrix without the loss of the ordered structure. Integrating inorganic nanoparticles into 
ordered mesoporous materials without disrupting the structure of the matrix is a challenge. 
Only few reports on one-pot synthesis processes exists [142, 143]. Chelated forms of 
micronutrients, especially iron and zinc, are considered to be a rich and reliable source of 
bivalent ion plants because they are stable and can prevent them from deposition of these 
chelated forms for a reasonable period of time. Though, these chelated forms of Fe and Zn 
increase nutrients uptake from soil, the chelated forms have a problem as they are very 
costly [144]. Also, slow release nano-forms of the chelated nutrients are the excellent 
alternatives to chelated forms of nutrients as nutrients are released at a slower rate 
throughout the crop growth; plants are able to take up most of the nutrients without waste 
by leaching. Slow release of the nutrients in the environments could be achieved by 
loading them onto nano-carriers like MSNs. There are reports which show the nontoxic 
nature of MSNs but little work has been published on the effect of MSNs when they are 
exposed to the beneficial microbes present in rhizosphere.  To use MSNs as a nano-carrier 
for agrochemical applications it is very essential to assess their effect on those organisms 
which directly or indirectly comes under their zone of action in soil.   
2.10.5 Fate of bacteria on exposure to nanoparticles 
Bacteria are prokaryotic cells, typically 0.5 to 5µm in length. These micro-organisms forms 
an important part of our ecosystem and are found everywhere in the nature. In addition, 
they play critical roles in function and enhancing of the productivity of plant. Without, 
these species, primary productivity on this globe would have been stopped [145]. 
Furthermore, there are some bacterial species which are also known as “beneficial 
microbes” which promote plant growth either by fixing nitrogen from the environment or 





plants. With the rapid extension of nanotechnology, concerns have been raised about 
potential adverse effects of nanoparticles on biological systems and environment such as 
toxicity generated by  free radicles leading to lipid peroxidation and DNA damage [146]. 
But not every nanomaterials have inherent risks, For example, nano-silica particles 
promote  the physiological activity and growth of plants, and induces disease and stress 
resistance in plants [147]. However, it was also reported that a very high concentration of 
nano silica-silver particles produced some chemical injuries on the tested plants [148]. 
There are many questions related to toxicity of nanoparticles on bacteria which have not 
been answered very well. It is unclear till today, that the nanoparticles dependent toxicities 
are due to their size-shape related properties, or because of their composition or related to 
surface reactivity [145]. The generation of ROS by the nanoparticles led to the oxidative 
stress within cells or tissues, which has been established as a main mechanism of the 
nanoparticles nonspecific toxicity towards the target and non-target biota [149]. 
2.10.5 Structure of bacterial cell wall and its adhesion to particles 
Bacterial cell walls are differing from other micro-organisms by the presence of 
peptidoglycans, which are located immediately outside the cytoplasmic membrane and 
help in making the cell wall rigid (Figure 2.10A) . A Gram-negative bacterial cell-wall 
consists of a thin peptidoglycan layer adjacent to the cytoplasm membrane. In addition to 
the peptidoglycan layer, the Gram-negative cell wall contains an additional outer 
membrane composed of phospholipids and lipopolysaccharides which face into the 
external environment (Figure 2.10 B). In nature bacteria usually attaches to a plain surface 
and forms biofilms, a process that is critical to the survival and transport of bacterial cells. 
The adherence of bacterial cells to a large flat and plain surface in nature or the attraction 
of small nanoparticles to bacteria under laboratory conditions are interactions between 
biological surface of bacteria and a solid surface. These interactions can be controlled by 
long-range electrostatic forces and short range interactions, including chemical bonding, 






The size and shape of particles also play an important role in bacterial adhesion. The 
adsorption of micro-organisms onto surface can happen in three methods: 
1) attachment of many microbial cells to a single large surface; 
2) mutual interaction of same size microbial cells and nanoparticles; and  
3)  attachment of smaller adsorbent particles to a single cell. 
Such mechanisms of sorption, rate of transport and equilibrium capacities may differ in all 
the three cases [152]. This depicts that the bacteria can grow very well on the flat surface 
of nano-particles. Now, the second question is about rupture of cell membrane. Figure 
2.10 B), illustrates a simple model of bacterial cell membrane. It is stated by Seifert [153], 
that the more the particles are deformed, the higher the possibility of cell disruption is.  
Kaufmann and Tanaka [154], added an interesting point that cell membrane rupturation all 
depends on the  adherence to curved or planar surfaces. Reports have depicted that the 
planar silica surface did not rupture the cell membranes whereas curved surfaces ruptured 
cell membranes of bacteria [155]. However, a complete understanding of membrane 









Figure 2.10: (A) Bacterial cell structure; (B) Internal view of arrangement of different 








Several studies have also recently described the controlled release of agrochemicals using 
silica-based materials. Wen and co-workers employed porous hollow silica nanomaterials 
as pesticide carriers to study the controlled release behavior of avermerctin pesticide [156]. 
Chen and colleagues reported a slow release formulation of a new biological pesticide, 
pyoluteorin, with mesoporous silica. Their novel formulation could release the pesticide in 
a slow and steady manner for a period of 1 month [157]. Furthermore, a recent report 
demonstrated the slow release of urea as a fertilizer in soil and water using mesoporous 
silica nanoparticles (MSNs) [158]. Also, Dequan and colleagues reported the uptake of 
MSNs into the roots and their movement to aerial parts of four plant species and their 
quantification [159]. These developments carry us a step closer to exploit the pores of 
mesoporous silica nanoparticles in loading of nutrients and other agrochemicals and use 
them as “Nano carrier” along with the biologicals in a formulation. 
Nano-formulations are claimed to boost the efficacy of agricultural chemicals, improve 
delivery systems, promote plant nutrient uptake and yield, and enhance food quality at 
minimal impact to the environment. In fact, nano-agricultural inputs like nano-pesticides 
and nano-fertilizers have been commercially available for several years already, and new 
products are expected to inundate the market as thousands of patent applications are 
currently in the pipeline. 
As such, it is highly possible that edible plants could be exposed to high levels of 
nanomaterials from direct application of nano-enabled agricultural inputs. Unfortunately, 
the difference between the potential benefits and harm from nano-enabled products may be 
quite subtle and a large knowledge gap exists on the long-term impacts of nanomaterials to 
the environment, crop production, and human health. We will be studying in future as the 
use of nanomaterials in agricultural applications is still at infancy state. 
 But more research is needed to justify their non-toxicity with plants as well as with 
biologicals and for proper application method of these Nano materials into the agriculture. 





The aim of this chapter was to review what is currently known about seed coating, 
strategies that have been developed in understanding the importance, both in term of 
process and effects. Four main conclusions can be drawn through this literature review: 
 Biological seed coating can provide a method of harmonizing nature and agriculture 
where we are isolating microbes from soil and again incorporating them into soil for 
sustainable agriculture. 
 Also this review reveals many untested research questions regarding the selection of 
polymer and carriers and their compatibility with each other.  
 By incorporating biologicals in conventional pre-coating process, seed companies can 
provide farmers with a convenient ready-to-use product . 
 Though Biological seed coatings represent additional expense in material and 
processing, they offer a variety of individual or combined advantages that overweigh 
the expense. 
Thus keeping view the hidden constraints in biological seed coatings, there is an urgent 
need to develop a novel formulation with better shelf–life with reduced energy input, a 












Chapter 3 Isolation, selection, characterization of rhizobacteria 
from roots and rhizopheric soil. 
Abstract 
 
Plant growth promoting Rhizobacteria (PGPR) are an important group of microorganisms 
which play a major role in stimulating plant growth through mobilizing nutrients in soils, 
producing numerous plant growth regulators and protecting plants from phytopathogens by 
controlling or inhibiting them and by improving soil fertility.  This study was conducted 
with a view to isolate bacteria associated with roots of wheat, maize and soybean from 
different locations of Punjab, Rajasthan and Madhya Pradesh, India. A total of 130 
bacterial isolates were screened biochemically for their plant growth promoting traits like 
phosphate solubilization, production of Indole Acetic acid (IAA), hydrogen cyanide (HCN) 
and siderophore. It was found that 58.5% of them showed IAA production, 22% showed 
phosphate solubilization, 48.3% siderophore production, 70% showed HCN production, 
whereas 9.7 % isolates showed all these plant growth promoting characteristics. Under 
greenhouse conditions, the efficacy of these biochemically characterized isolates was 
assessed.  Formulations were prepared and an uniform one layer coating with a thickness 
of <0.1mm was done in NIKLAS (W5/0.1) seed coating machine for 30 seconds on maize 
seeds. Results amply proved that  using plant beneficial rhizobacteria and delivering viable 
number of cells on seed surface, promote germination and  enhance dry weight, plant 
height and root length. Thus, these isolates not only have the potential to be used as 
biological seed coating but are also effective in decreasing the global dependency on 







3.1 Introduction  
Rigorous and disproportionate usage of chemical fertilizers in agriculture to achieve high 
yields over many years has adversely affected the fertility status of soil [160]. The long 
term applications of these agro-chemicals have also led to a reduction in pH and 
exchangeable bases which makes nutrients unavailable to crops and thus, productivity 
declines [161, 162]. For example, plants can only use a small percentage of phosphate from 
applied fertilizers, because 75-90% of the added P is precipitated through metal-cation 
complexes and quickly becomes fixed in soils [163].  To reduce the use of chemical 
fertilizers without compromising the yield but also to decrease the burden imposed on our 
environment and other resources [164-166]. PGPR (plant growth promoting  rhizobacteria) 
offers a way to substitute chemical fertilizers [167, 168] The rhizosphere is an extremely 
important area  and is the niche for root activity and metabolism [169]. The term 
“rhizosphere” was first defined by Lorenz Hiltner in 1904. The bacteria that are inhabiting 
the rhizosphere and are adapted to rhizopheric living conditions are called as rhizobacteria 
[170]. Rhizobacteria is termed as PGPR only when it positively affects the plant upon 
inoculation. According to Viveros et.al; [171], plant growth promoting rhizobacteria can be 
classified into extracellular plant growth promoting rhizobacteria (ePGPR) and 
intracellular plant growth promoting rhizobacteria (iPGPR) depending on the rhizosphere 
fractions: the endorhizosphere (interior of the root), the rhizoplane (surface of the root) and 
the rhizospheric soil which remains adhered to the root when the root system is shaken 
manually [172].  ePGPRs  are those which exist in the rhizosphere, on the rhizoplane or in 
the spaces between the cells of root cortex while iPGPRs are endocellular which  reside 
inside the specialised nodular structures of root cells (also known as endophytes). These 
ePGPRs include strains in the genera Agrobacterium, Arthobacter, Azotobacter, 
Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, Erwinia, 
Flavobacterium, micrococcous, Pseudomonas and Serratia [173-176].  PGPR uses 
different mechanisms for promoting plant growth under varied environmental conditions 
(Figure 3.1). Commonly, plant growth promoting rhizobacteria directly enhances nutrient 
avaliability by nitrogen fixation, solubilization of mineral nutrients, mineralize organic 





gibberlins etc [177]. PGPR may also promote growth and development of plants indirectly 
via production of antibiotics, siderophores, HCN and various hydrolytic enzymes [178, 
179]. 
 
Figure 3.1: Direct and indirect mechanisms by plant growth promoting rhizobacteria. 
It has been shown that plants themselves synthesises phytohormones endogenously [180-
182], however PGPRs, are additional source of these phytohormones to plants [183, 184]. 
While, plant growth promotion could also be achieved by applying chemically synthesised 
phytohormones  that are available in the market, microbial derived phytohormones are 
more effective and economical. This is predominantely due to low thresholds between 
inhibitory and stimulatory levels of chemically synthesised phytohormones and microbial-
produced hormones to their continous and slow release[185]. In addition to this, these 
PGPRs colonize roots at all stages of plant development, even in the presence of a 
competing microflora [186]. The use of PGPRs in modern agriculture has been vindicated 
in many countries including Brazil, India, North and South America, Argentina and 
Uruguay [187]. The efficiency of PGPRs, when they are used as bioinoculants for 
agricultural crops is directly proportional to the soil health  [188-190]. Several 





microbial diversity and soil disturbances caused by management practices affect the 
colonization efficiency of PGPRs [191]. Indeed, Gamalero and Glick  [192] reported that 
the stimulation of plant growth by soil bacteria can also result in providing nutrients which 
are not adequately accessible  by plants in the soil. Similarly, in a study  by Hungria et. al. 
[193] where co- inoculation  of seed  with rhizobia and A.brasilense resulted in a mean 
yield increase of 14.1% in soybean compared to uninoculated control. More recently, 
Kumar et.al. [194] conducted glass house and field trials of wheat to examine the effect of 
PGPRs on the growth and yield of wheat and found that combination of strain 
B.megaterium, A.chlorophenolicus and Enterobacter significantly increased plant height, 
grain yield and straw yield in both pot and field conditions. All these studies reflect that 
there is a need to develop new and efficient bioinoculants for agriculture. And thus the 
search  for diverse PGPRs  which will be efficient for various economically important 
crops is very important as there are studies which have shown that PGPR strains vary 
widely  and their growth promoting ability may be highly specific to certain plant species, 
cultivar, soils and genotypes [195]. Likewise, the use of  indigenous bacteria isolted from 
specific crops  can be an added advantage since they will be adapted to the natural 
conditions and can compete and survive in presence of other soil microflora [196].  Thus, 
the introduction of beneficial bacteria in the soil tends to be less aggressive and cause less 
impact to the environment than the chemical fertilization, making it a sustainable agro-
nomic practice and a way of reducing production costs.  Considering all these aspects, an 
attempt was made to isolate PGPRs from different agro-ecological zones and from roots of 
three different crops as well as to assess the efficacy of these diverse PGPRs on maize 
plant when coated on seeds. 
The aim of the work presented in this chapter was to select the biologicals which were 
exhibiting the highest number of traits with plant growth promotion as well as nitrogen 
fixing ability under in vitro and in situ conditions and could also perform efficiently 
throughout the globe. As it is well known that efficacy of bacterial strain isolated from one 
region may increase or decrease in other soil and or in other climatic conditions [197].  
Rhizosphere samples were collected from three different agro- ecological zones of India. 





not introduced with any kind of commercialized bio inoculant and also focus was on 
collecting samples from different soil type. First region-Punjab has alluvial soil which is 
the most fertile and widespread category. Alluvial soil constitutes the largest and most 
important soil group of India. Second and third regions are Rajasthan and Madhya Pradesh. 
These regions have black soil which has high clay content and high moisture capacity. 
Also these soils are inherently very fertile. Therefore, the basic hypothesis of collecting 
samples from different climatic zones and variety of soils was to have a wide range of 
PGPRs which ultimately culminates into a collection of PGPRs which can work globally as 
all the major soils of the world are represented in India. In order to have such effective 
PGPRs, isolates which have shown PGPR traits in vitro conditions were also tested under 
in situ conditions by conducting pot trials under control conditions. 
3.2 Materials and Methods 
3.2.1 Collection of samples, isolation and maintenance of bacteria 
Bacterial strains were isolated from the soil and roots of one month old wheat, soybean and 
maize plants growing in fields in Punjab, Rajasthan, and Madhya Pradesh, India (Figure 
3.2). Rhizopheric samples were fractioned into four parts [172]: non rhizospheric soil 
(NRS) (that detaches from the root when the plant is shaken); rhizospheric soil (RS) 
(fraction of soil that remains attached to the root); a rhizoplane/endorhizosphere (washed 
roots) and heat extract roots (HRE) (heat washed roots at 80 ºC for 10 mins.) Samples for 
RE section were thoroughly washed with tap water for two minutes to remove all the 
loosely adhering soil particles followed by washing with sterile 0.85% (w/ v). The roots 
were then macerated in 0.85% saline with a mortar and pestle. Serial dilution of the root 
homogenate and soil samples was then individually plated on Nutrient Agar (Hi-Media 
Laboratories, Bombay, India). Single and morphologically distinct colonies present on the 
plates were selected at random and purified on again on Nutrient Agar via streak plating 
techniques. The rhizobacterial isolates were maintained by periodic transfer on glycerol 










































































































Table 3.2 Details of isolates, their host plant, fractions and geographical origin.  
Isolate Host plant Geographical origin Fractions 
PGP1-3; 16-24,40 wheat Beas, Punjab NRS 
PGP26,41-45;47, 48, 51-
57 wheat Beas, Punjab RS 
PGP 30,34,4,25 wheat Beas, Punjab RE 
PGP49,15,11,33 wheat Beas, Punjab HRE 
PGP 58, 65, 72, 75 Soybean  Bundi, Rajasthan NRS 
PGP 59-64, 70, 71, 76, 
77,  Soybean Bundi, Rajasthan RE 
PGP86, 81, 82, 84  Maize Indore, Madhya Pradesh NRS 
PGP 83,88 Maize Indore, Madhya Pradesh RS 
PGP 89,87,90 Maize Indore, Madhya Pradesh RE 
PGP 85 Maize Indore, Madhya Pradesh HRE 
3.2.2 In vitro screening of bacterial isolates for their plant growth promoting (PGP) 
activities 
3.2.2.1 Quantitative estimation of Indole acetic acid (IAA) production 
Indole acetic acid produced by bacteria was determined as described by Brick [198]. The 
bacterial isolates were inoculated into 20 mL of nutrient broth supplemented with and 
without 5mM of L-tryptophan (Sigma-Aldrich, New Delhi, India and incubated for 24 
hours at 28 °C. After incubation, the culture was centrifuged at 3,000 rpm for 20 min and 
the supernatant was used for analyzing indole 3 acetic acid productions. Initially one mL 
supernatant was mixed with 2 mL of Salkowski reagent and tubes were incubated in dark 
of 30 min. The development of the pink color was observed as an indication for positive 
result on spectrophotometer at 530nm by Shimadzu UV–Vis Detector model SPD 10A. 
Concentration of IAA produced by cultures was determined with the help of standard 
graph IAA (Hi-media) obtained in the range of 10-100µg/mL. 
3.2.2.2 Phosphate solubilization activity 
All bacterial isolates were screened for inorganic phosphate solubilization. A loop full of  
fresh bacterial culture was streaked onto National Botanical Research Institute's phosphate 




Ca3(PO4)2, 5 g; (NH4)2SO4, 0.5 g; NaCl, 0.2 g; MgSO4.7H2O, 0.1 g; KCl, 0.2 g; 
MnSO4.H2O, 0.002 g and FeSO4.7H2O, 0.002 g. The plates, inoculated with the isolates 
were incubated at 28 ± 2⁰C for 3 days. After 3 days, plates were observed for the formation 
of halo zone. The colonies showing a clear halo zone around them indicated the 
solubilization of mineral phosphate. Phosphate solubilization activities were determined by 
measuring the clearing zone surrounding the developed bacterial colony through 
calculation of phosphate solubilization index [199]: 
Phosphate solubilization Index = A/B×100 
A= total diameter (colony + halo zone) 
B = diameter of colony  
3.2.2.3 Production of HCN 
All isolates were screened for the production of hydrogen cyanide by using the method 
described by Lorck [200]. Briefly, nutrient broth was supplemented with 4.4g/L glycine 
per liter and bacteria were streaked on modified agar plate. A Whatman filter paper No. 1 
soaked in 2% sodium carbonate in 0.5% picric acid solution was placed in the top of the 
plate. Plates were sealed with a plastic film (Parafilm, Tarsons, New Delhi, India) was used 
to seal the perimeter of the plate. Sealed plates were then incubated at 28 ± 2°C for 4 days. 
Development of orange to red color indicated HCN production. 
3.2.2.4 Siderophore production 
The isolates were checked for the production of siderophores on blue agar CAS medium 
containing chrome azurol S (CAS) and hexadecyltrimethylammonium bromide (HDTMA) 
as indicators [201]. The blue agar CAS medium was prepared by adding 850 mL of 
autoclaved MM9 salt medium added with 32.24 g piperazine-N, N′-bis 2- ethanesulfonic 
acid (PIPES) at pH 6, 100 mL of blue dye, and 30 mL of filter sterilized 10 % 
Casaminoacid solution and 10 mL of 20 % glucose solution. The blue agar medium was 
aseptically poured on to sterile plates and allowed to solidify. All the bacterial isolates 




Development of yellow/orange halo around the colonies was taken as the indication for the 
production of siderophore. 
3.2.2.5 ACC deaminase assay 
This assay is based on the method described by Penrose and Glick [202]. Agar plates were 
prepared with DF minimal medium supplemented with ammonium sulphate (2g/L) as 
positive control, plates without ammonium sulphate or 3 mM ACC as negative control and 
plates only with3 mM ACC. A loopful of 24-hour old growth of bacterial culture was 
spotted on the medium plates and incubated at 28 ± 2°C for 2-5 days. The growth of 
different bacterial isolates on ACC supplemented medium plates was recorded. The 
cultures showing good growth on ACC supplemented medium plates and capable of 
utilizing ACC as nitrogen source, were scored as ACC+. 
3.2.3 In situ testing of bacterial isolates for their plant growth promoting (PGP) 
activities 
3.2.3.1 Preparation of PGPR formulation for seed coating 
Bacterial isolates that exhibited the PGPR traits in preliminary in vitro screening were 
selected for greenhouse studies to test their impacts on plant growth parameters and 
nutrient uptake. Bacterial isolates were grown in 150mL of sterile nutrient broth medium 
(500-mL Erlenmeyer flasks) on a rotary shaker (140rpm) at 28 ± 2⁰C for 48 hours. After 
48 hours, optical density was measured of each culture at 600nm using spectrophotometer. 
Then the CFU/mL count was determined by using plate count method. Cells were then 
concentrated by centrifugation (8000 ×g for 5 min). The pellets were then suspended into 
2mL of 10% sucrose (0.22µm syringe filtered) and the entire cell biomass was freeze dried 
by adding a cryoprotectants (sucrose) using lyophilizer (Benchtop freeze dry system, 
Labconco) and then the samples were stored in desiccator. The viability of the cultures was 
checked by suspending the known amount of lyophilized culture into 0.85% NaCl in a 






3.2.3.2 Seed coating  
Formulations of each bacterial isolate were prepared. Seeds used in this study were not 
sterilized before doing any coating. Total 200 maize seeds per isolate were coated with a 
thin film coating formulation that contained aqueous suspension of 0.1g of lyophilized 
culture (having 2 ×1012cells), 0.1g Terragreen (fuller earth), 0.01g gum Arabic and 3mL of 
water. A uniform coating layer of <0.1mm thickness was performed in NIKLAS (W5/0.1, 
Germany) seed coating machine for 30 seconds on maize seeds. The standardization of the 
formulation was done in lab scale machine and formulation was applied on the basis of 109 
cells per seed. Different experiments were conducted in selecting the carrier material and 
adhesive to be used in formulation on the basis of maize seed rate which is in between 15-
20 kg/ha. Preliminary (prior art work) experiments were performed in TERI, on effect of 
coating materials, based on those results only; the coating material was selected for these 
experiments. 
 
3.2.3.3 Physio-chemical characterization of soil 
Physical characters like pH, electrical conductivity (EC) and chemical characters of 
macronutrients (N, P, K) and organic carbon content, were determined of the soil used as 
substrate for pot experiments using the method described by Tandon [203] . 
3.2.3.4 Microcosm studies 
A modified version of the laboratory microcosm design described by Vargas et al. [204]; 
Vidican R and Sandor M [205] was used for this study. In total 90 microcosm units were 
constructed by filling bottom of circular plastic container having diameter (180mm) × 
height (10mm) with sterile 100mL autoclaved distilled water. On the top of each plastic 
container a perforated lid having 10 equally spaced holes were placed. On each perforated 
lid, 10 micro tips of 10mL (Tarsons) having diameter (15mm) × height (155mm) were 
placed in a such a way that the bottom of the micro tip touch the water level but do not 
touch the bottom of the plastic container (Figure 3.3). To make the capillary flow of water 




micro tip and then the tip was filled with 12g of autoclaved soil. In each micro tip of single 
microcosm system, one coated seed was placed. Likewise all the coated seed per isolate 
were sown in respective tips of all the microcosm systems. All microcosms were covered 
with aluminum foil for maintaining dark conditions till the seed germination. These 
microcosm units were incubated at 28 ± 2⁰C. Plants were irrigated every 5 days with 1/4th 
strength of nutrient solution [206]. 
Figure 3.3: (A-C) microcosm set up in glass house. (D) Showing visual response upon seed 







3.2.3.5 Plant harvesting and determination of growth parameters 
Harvesting of plant material was undertaken after 45 days from the date of sowing. Whole 
plants were removed from micro tips. The aerial parts of the plants were separated from the 
roots washed and blot dried on blotting paper. Similarly roots were also washed and blot 
dried. Then shoot height and fresh root weight was measured. After this, all roots and aerial 
parts were separately wrapped in blotting paper and dried in hot air over (Salvis, Thermo 
center oven, Rotkreuz, Switzerland) at 60⁰C. Dry weight of roots and aerial parts were 
taken continuously every alternate day until it was constant for three consecutive days. Dry 
weights of the roots and aerial parts of all the treatments were recorded. 
3.2.3.6 Nutrient uptake determination 
Oven dried shoot samples were ground using motor and pestle. Then, the Kjeldhal method 
was used to determine total nitrogen (N) after wet digestion with concentrated sulphuric 
acid. Also, Phosphorous (P) and potassium (K) were performed using Olsen and flame 
photometry methods respectively [207]. 
3.2.3.7 DNA sequencing 
The selected strain was identified by partial sequencing of the 16S rDNA gene. Genomic 
DNA was isolated from the bacterial culture by using Genomic DNA Mini Kit (Geneaid). 
16S rDNA gene was amplified using universal 27 F (5’- 
AGAGTTTGATCMTGGCTCAG-3’) and 1510R (5’-GGTTACCTTGTTACGACTT-3’) 
primers (Sigma-Aldrich). 50µL reaction mixture was prepared containing 5µL 10X PCR 
Reaction Buffer, 2µL 50mM MgCl2, 1µL 10mM dNTPs mix, 2µL of each primers, 0.26µL 
5U/µL Taq polymerase, 2µL of DNA template and 16.8 µL Milli-Q water. PCR reaction 
was carried out in thermal cycler (96-well Thermal Cycler, Bio-Rad) using cycles as 
follows: 3 min at 95°C, 1min at 95°C, 1 min at 56°C, 1 min 30 sec at 72°C and final 
extension for 10 min at 72°C.  The amplified 16S rDNA gene was purified with a 
QIAquick Gel extraction kit (QIAGEN) and outsourced for sequencing (University of 
Delhi, South Campus). The sequence data was aligned and analyzed to identify the 




3.2.3.8 Phylogenetic analysis 
Molecular Evolutionary Genetics Analysis 6 (MEGA version 6) software [208] was used to 
infer the molecular phylogeny of 16SrRNA gene sequences by the neighbor-joining 
method [209] with Kimura’s two-parameter nucleotide distances [210] and discarding 
positions with gaps in any sequence. Statistical support for tree nodes was evaluated by 
performing a bootstrap analysis (500 replicates). The 16 S rDNA sequences obtained from 
PGP49, isolated and characterized in the present study were compared with those of 
rhizobial reference strains available in the GenBank database. 
3.2.3.9 Statistical analysis 
All the data was analyzed using commercial software package (SPSS statistics 21, IBM). 
One way analysis of variance (ANOVA) was used to determine concentration of IAA 
produced by bacteria in absence as well in presence of tryptophan, phosphate solubilization 
index, shoot height, root fresh and dry weight, N, P and K uptake by maize plants. 
Statistical significance was determined at p < 0.05 level using Duncan’s post hoc test. 
3.3 Results  
3.3.1 Isolation and characterization of extracellular plant growth promoting 
rhizobacteria 
A total of 130 morphological different colonies were isolated from rhizosphere of three 
different agro-ecological zones of India. From 130 isolates, only 90 isolates showed PGPR 
traits.  Out of these 90 isolates, 55, 20 and 15 isolates were isolated from Punjab, Rajasthan 
and Madhya Pradesh respectively (Table 3. 1). Among these, distribution was done on the 
basis of PGPR traits (Figure 3.4) 51% showed IAA production, 24% isolates showed 
phosphate solubilization ability, 19% isolates showed HCN production, 4% showed 
siderophore production, 2% showed ACC deaminase activity and out of all, 30% isolates 











Figure 3.4: Distribution of isolates on the basis of their PGPR traits 
3.3.2 In vitro screening of PGPR traits 
3.3.2.1 Quantitative assay of IAA production in isolates 
No detectable IAA like substances were determined in un-inoculated control broths. A total 
of 130 isolates were tested for the quantitative estimation of IAA both in the presence and 
absence of L- tryptophan. In absence of tryptophan, only 22 isolates produced IAA. There 
are 32 isolates which produced IAA only in presence of 5mM L- tryptophan (Figure 3.5 
A). With the addition of L- tryptophan, production of IAA was increased. All the isolates 
which showed IAA production were divided into three groups from where they have been 
isolated (Figure 3.7). Among these, those which   isolates obtained from Punjab, the one 
which has produced the highest IAA in presence of L- tryptophan was PGP30 
(87.1µg/mL). This was followed by PGP49 > PGP11 >PGP33 >PGP50 >PGP15 >PGP25 
>PGP3 (76.6, 52.0, 50, 33.6, 21.6, 20.6 µg/mL respectively). Similarly, among isolates 
obtained from Rajasthan, the highest producer of IAA in presence of L- tryptophan was 
PGP68 (74.5 µg/mL). Other isolates which produced IAA lesser than PGP68 were PGP69 
>PGP70 >PGP59 >PGP75 >PGP67 >PGP63 >PGP56 >PGP62 >PGP65 >PGP74 >PGP58 
(71.2, 48.9, 36.5, 33.0, 30.4, 28.9, 22.4, 16.3, 16.0 µg/mL respectively). Likewise, the 




tryptophan, was PGP80 (60.2 µg/mL). This was followed by PGP87 >PGP78 >PGP90 
>PGP79 (38.5, 28.5, 12.4, 11.4 µg/mL). Those who have shown IAA production in 
absence of L-tryptophan were very few, highest producer among Punjab was PGP49, 
followed by isolate PGP70 from Rajasthan and then PGP 87 from Madhya Pradesh. If we 
look overall IAA production by the isolates of all three regions, then isolate PGP30 has 
produced the highest concentration of IAA (Figure 3.6). 
 
Figure 3.5: Indole acetic acid production (A) bacterial isolates from right-left (PGP69, 









Figure 3.6: Quantitative estimation of IAA production by bacterial isolates in the medium with and without L- tryptophan and the 






3.3.2.2 HCN production in isolates 
HCN production was indicated by change in color of filter paper from yellow to brown or 
dark brown color. HCN production was checked in all the 130 isolates. Out of 130, 51 
isolates showed HCN production potential after 48 hours of incubation (Fig 3.7 A). HCN 
production was categorized into three, weak, medium and good producer. Out of 51, 16 
isolates were depicted good production of HCN namely PGP7, PGP51, PGP43, PGP48, 
PGP49, PGP52, PGP58, PGP69, PGP77, PGP79, PGP84, PGP85, PGP87, PGP88, PGP89 
and PGP90 (Table 3.2). Rests of the isolates were medium to weak producers of HCN. 
Presence or absence and intensity of HCN production can play a significant role in 
antagonistic potential of bacteria against phytopathogens. 
3.3.2.3 Siderophore production in isolates 
All the isolates were analyzed for their iron chelating properties and it was observed that 
out of 130 isolates, 21 isolates produced  orange color halo zone due to siderophore in an 
blue/green iron limiting medium known CAS agar medium (Fig 3.7 B). Among 21 isolates, 
PGP 69, obtained from Rajasthan and PGP 87 from Madhya Pradesh, were having almost 
similar and bigger halo zone as compared to other 20 isolates. This was followed by PGP 7 
and PGP 49 from Punjab and PGP 77, PGP80, PGP85 and PGP 89 from Madhya Pradesh. 
Rest of the isolates out of 21, were weak siderophore as the halo zone was very small as 
compared to the 2 best siderophore producing isolates after incubation of 48 hours (Table 
3.2).  
3.3.2.2 ACC deaminase activity in isolates 
All the 130 isolates were screened for ACC deaminase based on the enrichment method, 
where ACC was used as the sole nitrogen source. Among 130, 19 isolates grew well on DF 
salt minimal medium with either ACC or ammonium sulphate serving as the sole nitrogen 
source which was compared to DF salt minimal medium without nitrogen source (Fig 3.7 
C). Out of 19 isolates, PGP 49 and PGP 89 was the maximum producer of ACC deaminase 





3.3.2.2 Solubilization of inorganic phosphate in isolates 
All 130 isolates were screened for phosphate solubilization. 39 isolates out of total 130 
showed zone of phosphate solubilization on NBRIP’s medium agar plates after 5 days of 
inoculation at 28 ± 2˚C (Figure 3.7 D). 39 isolates were further divided into three parts on 
the basis of their isolation origin. From the isolates of Punjab, PGP 49 showed the 
maximum zone of solubilization (3.2 index). PGP77 and PGP87 from Rajasthan and 
Madhya Pradesh have shown the maximum zones of solubilization (1.2 and 3.1 index) 


































Figure 3.7: Screening of isolates for PGPR traits. (A) HCN production (1, 2) colour 
changes from yellow to orange or dark brown as compared to control (3); (B) 
Siderophore production (1, 2, 3 and 4) orange colour halo zones around 
bacterial colonies; (C) ACC deaminase activity (1) colonies on negative control 
media plate without ACC and Ammonium sulphate as nitrogen source, (2) 
colonies on media plate supplemented with ACC, (3) colonies on positive 
control media with Ammonium sulphate; (D) Phosphate solubilization (1,2 and 





































PGP 1 + - - 
PGP 2 - - - 
PGP 3 + + - 
PGP 4 + + - 
PGP 5 + + - 
PGP 6 + + - 
PGP 7 +++ ++ + 
PGP8 - - + 
PGP9 - - + 
PGP10 - - - 
PGP11 + + - 
PGP12 + + - 
PGP 13 - - - 
PGP14 + + - 
PGP 15 + + - 
PGP 16 - - - 
PGP 17 - - - 
PGP 18 + + - 
PGP 19 - - - 
PGP 20 - - - 
PGP21 - - + 
PGP 22 - - + 
PGP23 + - + 
PGP24 - - - 
PGP25 - - - 
PGP26 - - - 
PGP27 - - - 
PGP28 - - - 
PGP29 - - - 
PGP30 + + + 
PGP31 +++ - - 
PGP32 - - - 
PGP33 + + - 
PGP34 + + + 
PGP35 + - - 
PGP36 + - - 
PGP37 - - - 
PGP38 - - - 
PGP39 + - - 
PGP40 - - - 
PGP41 - - - 
PGP42 - - - 




PGP44 - - - 
PGP45 +++ - - 
PGP46 + + - 
PGP47 ++ - - 
PGP48 +++ - + 
PGP49 +++ - - 
PGP50 ++ - - 
PGP51 + + - 
PGP52 +++ - - 
PGP53 ++ + - 
PGP54 + - - 
PGP55 - - + 
PGP56 ++ + - 
PGP58 +++ - - 
PGP59 - - - 
PGP60 - - + 
PGP61 - - + 
PGP62 - - + 
PGP63 - - + 
PGP64 - - + 
PGP65 - + - 
PGP66 - + - 
PGP67 - + - 
PGP68 - - - 
PGP69 +++ +++ - 
PGP70 - - - 
PGP71 - - - 
PGP72 - - - 
PGP73 - - - 
PGP74 - - - 
PGP75 - - - 
PGP76 - - - 
PGP77 +++ + - 
PGP78 +++ - - 
PGP79 +++ - - 
PGP80 ++ ++ - 
PGP81 ++ - - 
PGP82 + - - 
PGP83 ++ - - 
PGP84 +++ - + 
PGP85 +++ ++ - 
PGP86 + - - 
PGP87 +++ +++ + 
PGP88 +++ - - 
PGP89 +++ ++ ++ 
PGP90 +++ - - 
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3.3.3 In situ screening of PGPR traits 
3.3.3.1 Effect of selected isolates on plant growth promotion and nutrient uptake 
To further confirm plant growth promoting characteristics of isolates, in situ experiment 
was performed. Total 90 isolates were selected on the basis of their ability to show PGPR 
traits under in vitro conditions. It was noted that biological seed coating of all the 90 
isolates has an effect on plant growth parameters with respect to shoot height, fresh and dry 
root weight and on nutrient (N, P, K) uptake as well. Data obtained from all the 90 isolates 
were first categorized on the basis of how many isolates have increased the shoot height 
from the highest to lowest range (ppm/mg). Similarly, categorization was done for fresh 
root weight, dry root weight, nitrogen uptake, phosphorous and potassium uptake (Figures 
3.9, 3.10, and 3.11). It was observed that out of 90 isolates, only few isolates have shown 
momentous increase in all growth parameters and N, P, K uptake as compared to positive 






Figure 3.9: Percentage distribution of 90 isolates on the basis of nitrogen uptake in plants 



























Figure 3.10: Percentage distribution of 90 isolates on the basis of phosphorous uptake in 
plants from higher to lower range (ppm/mg) 
 
 
Figure 3.11: Percentage distribution of 90 isolates on the basis of potassium uptake in 
plants from higher to lower range (ppm/mg) 
 
3.3.3.2 Effect of isolates on shoot length 
The ability of isolates in promoting growth of maize was studied under microcosm 
condition. The results obtained from microcosm experiments showed that the highest shoot 
length (15.4 cm) was recorded in the presence of isolate PGP49 (Table 3.4). This was 
followed by PGP 87 (14.5 cm) and PGP 77 (14.1 cm) compared to negative (uncoated) 
control (9.5 cm) and positive (coated with known PGPR strain, Bacillus megatarium 



























3.3.3.3 Effect of isolates on fresh and dry root weight 
Evaluation of fresh and dry root weight of plants in the presence of PGPR showed that all 
the 20 isolates had great impact on the amount of fresh and dry weight of roots (Table 3.4). 
The highest fresh root was of PGP87 (1.74g). This was followed by isolates PGP49 and 
PGP79 (1.30g and 1.29g respectively) as compared to negative control (0.24g) and positive 
control (1.23g). Similarly, dry root weight was shown highest by PGP49 (0.53g) as 
compared to positive (0.19g) and negative (0.08g) control. Second highest dry root weight 
was of isolate PGP87 (0.31g) and this was followed by PGP77 (0.24g).  
3.3.3.4 Effect of isolates on NPK content of maize plants  
Data in Table 3 indicated that the tested 20 isolates showed significant increase in uptake 
of nutrients by maize plants as compared to controls. PGP87 showed significant increase in 
nitrogen (1.82%) as compared to positive and negative control (1.26%, 0.27% 
respectively). This was followed by PGP 49 (1.31%) and PGP 77 (1.28%). In case of 
phosphorous uptake by plants, PGP87, PGP77, PGP49, PGP12, PGP53 and PGP 34 were 
the isolates who have shown significant increase when compared to both the controls 
(Table 3.4).  The highest increase in potassium uptake in maize plants was depicted by 
PGP49 (2.56%) as compared to positive (reference strain) and negative control (with no 
inoculation) (Table 3.4). These results are in agreement with those obtained by Zahid et.al 
[160], they reported that inoculation with PGPRs single or in combination, significantly 
increased the NPK uptake by maize plants grown under greenhouse conditions after 60 
days. Also these results shows the efficient transfer of NPK to plants by the selected 








Table 3.4: Assessment of growth parameters and macronutrients (N, P, K) uptake on maize plants after 60 days*. 
Isolates Shoot height FRW DRW Nitrogen (%) Phosphorous (%) Potassium (%) 
Positive Control 12.8 ± 0.14fg 1.23 ± 0.04hi 0.190 ± 0.01ghij 1.26 ± 0.03fg 2.73 ± 0.00fghi 1.63 ± 0.02cdefg 
Negative Control 9.53 ± 0.23j 0.24 ± 0.1n 0.08 ± 0.00o 0.27 ± 0.02n 2.28 ± 0.01jkl 0.68 ± 0.01h 
PGP49 15.4 ± 0.11a 1.77 ± 0.08b 0.538 ± 0.01a 1.31 ± 0.01ef 3.11 ± 0.02cdef 2.56 ± 0.24a 
PGP87 14.43 ± 0.12b 1.74 ± 0.03a 0.31 ± 0.03b 1.82 ± 0.02a 4.07 ± 0.07a 2.31 ± 0.06ab 
PGP77 14.13 ± 0.18bc 1.29 ± 0.04b 0.247 ± 0.03c 1.28 ± 0.08ef 3.25 ± 0.01bcde 2.27 ± 0.07ab 
PGP7 13.5 ± 0.17cd 1.2 ± 0.01bc 0.215 ± 0.07d 1.15 ± 0.08hijk 2.64 ± 0.80ghij 2.2 ± 0.11abc 
PGP53 13.3 ± 0.20de 1.18 ± 0.05bcd 0.206 ± 0.03de 1.13 ± 0.02ijk 2.01 ± 0.15lm 2.15 ± 0.21abc 
PGP68 13.25 ± 0.14de 1.15 ± 0.09bcd 0.204 ± 0.06de 1.7 ± 0.01b 3.26 ± 0.01bcde 2.04 ± 0.35bcde 
PGP54 13.23 ± 0.14de 1.1 ± 0.06cd 0.201 ± 0.01de 1.01 ± 0.06l 1.79 ± 0.03n 2.01 ± 0.10bcde 
PGP12 11.22 ± 0.14de 1.05 ± 0.10de 0.195 ± 0.07def 1.27 ± 0.01fg 3.50 ± 0.08bc 2.03 ± 0.21bcde 
PGP63 13.06 ± 0.06de 1.04 ± 0.02de 0.189 ± 0.06defg 0.91 ± 0.08m 3.51 ± 0.00b 1.89 ± 0.16bcdef 
PGP22 12.7 ± 0.76ef 0.95 ± 0.04ef 0.179 ± 0.01efgh 1.3 ± 0.01ef 2.62 ± 0.14hij 1.87 ± 0.20bcdef 
PGP 73 12.58 ± 0.14efg 0.91 ± 0.06ef 0.171 ± 0.10fghi 1.08 ± 0.06kl 3.02 ± 0.32defg 2.09 ± 0.06abcd 
PGP59 12.56 ± 0.16efg 0.9 ± 0.09ef 0.168 ± 0.02fghi 1.18 ± 0.01ghij 2.05 ± 0.29lm 1.73 ± 0.23cdefg 
PGP34 12.16 ± 0.16fg 0.88 ± 0.06fg 0.166 ± 0.02ghij 1.09 ± 0.08jkl 2.90 ± 0.18efgh 1.72 ± 0.02cdefg 
PGP80 12.1 ± 0.20fg 0.82 ± 0.01fgh 0.159 ± 0.03hijk 1.47 ± 0.02c 2.41 ± 0.40ijkl 1.33 ± 0.14g 
PGP79 11.87 ± 0.27gh 0.8 ± 0.03fgh 0.154 ± 0.02hijkl 1.19 ± 0.01fghi 2.61 ± 0.12hij 1.68 ± 0.36cdefg 
PGP90 11.86 ± 0.06gh 0.79 ± 0.10ghi 0.15 ± 0.10ijkl 1.37 ± 0.02de 2.12 ± 0.01klm 1.6 ± 0.00defg 
PGP11 13.26 ± 0.33hi 1.3 ± 0.04ghi 0.14 ± 0.04jkl 1.24 ± 0.01fg 2.45 ± 0.20ijk 1.66 ± 0.08cdefg 
PGP18 11.24 ± 0.11hi 0.6 ± 0.01hij 0.138 ± 0.02kl 1.22 ± 0.00fgh 3.08 ± 0.01def 1.51 ± 0.54efg 
PGP60 11.2 ± 0.09hi 0.58 ± 0.00kl 0.128 ± 0.10lm 1.41 ± 0.05cd 2.42± 0.40ijkl 1.52 ± 0.04efg 
PGP89 10.96 ± 0.08i 0.49 ± 0.04lm 0.111 ± 0.09n 1.26 ± 0.03fg 2.09 ± 0.01klm 1.17 ± 0.01cdefg 
 





Significant linear positive correlation was found when the shoot height (r = 0.92, P = 0.05) 
and fresh root weight of maize plants (r =0.88, P = 0.05) were regressed against in vitro 
IAA production by the nine isolates which were tested under microcosm system (Table 3.5, 
Figures 3.12 and 3.13). 
Table 3.5: Auxin production by rhizobacteria selected for microcosm studies 
IAA (µg/mL) 
Isolates With L-TRP Without L-TRP 
PGP7 34.93 ± 0.06 n.d 
PGP11 52.00 ± 0.02 15.06 ± 0.7 
PGP12 12.05 ± 0.25 n.d 
PGP18 12.83 ± 0.01 n.d 
PGP22 28.82 ± 0.16 n.d 
PGP34 28.07 ± 0.23 11.78 ± 0.08 
PGP49 74.52  ± 0.33 9.17 ± 0.05 
PGP53 28.36 ± 0.11 16.40 ± 0.02 
PGP54 32.18 ± 0.06 n.d 










Figure 3.12: Linear positive correlation between shoot height and Auxin production from 






Figure 3.13: Linear positive correlation between fresh root weight and Auxin production 






3.3.4 Identification of selected PGPR 
The best PGPR was identified on the basis of its biochemical characters and performance 
in microcosm experiments. The isolate PGP49 was found belonging to the genera 
Enterobacter (Figure 3.14). 
Figure 3.14: Phylogenetic relationship of PGP49 based on 16S rRNA genes and inferred 
using the neighbor-joining method. Numbers above each node are bootstrap 
confidence levels (expressed as percentages) generated from 500 bootstrap 
trees. 
3.4 Discussion  
The microbial biodiversity of a region is mainly depicted by agro-ecological systems and 
constituents of plant exudates that decide the type and density of microbial population in a 
given crop production system [215]. Therefore, in the present study, the main aim was to 
isolate and select efficient isolates from different crop production systems of diverse agro-
ecological regions (Table 3.1) and 130 isolates were obtained. 90 isolates were found to 
have PGPR traits. Of these, 55 isolates were from alluvial soil belonging to agro-ecological 
region 1, 25 isolates were from Black soil of semi-arid medium to deep vertisols of agro-
ecological region 2 and 15 isolates were from medium black soil of semi-arid climate of 
agro-ecological  (Table 3.1). Maximum PGPR traits were displayed by isolates obtained 





determining the behaviour and efficacy of PGPRs in increasing the plant growth earlier 
reported by Egamberdiyeva [216]. 
 
The results obtained in this study provide evidence to the existence of a tryptophan-
dependent pathway as the main rout of IAA biosynthesis for most of the rhizopheric 
microbes. However, results also indicates and supports to the fact that there are few 
rhizopheric microbes also, which follows a tryptophan-independent pathway for IAA 
production. Plant growth is frequently limited by an insufficiency of phosphates, an 
important nutrient for plants next to nitrogen. Though, it is known that production of 
organic acids by soil micro-organisms is the major mechanism of inorganic phosphate 
solubilization and this also decreases the pH of the culture media [217, 218]. Among soil 
bacteria, chelation of metal by Gluconic acid may also be a mechanism of phosphate 
solubilization  [219]. To satisfy the nutritional requirement of iron, microorganisms have 
evolved highly specific pathways that employ low molecular weight iron chelators term as 
siderophores [220]. It has been demonstrated that synthesis of siderophore is induced when 
ion is depleted from the culture medium [221]. However a minimal concentration of iron is 
essential for the synthesis of siderophore. As long as sufficient level of iron remains 
present in the medium, siderophore synthesis machinery remains switched off but 
induction occurs upon depletion. The complete inhibition of siderophore production occurs 
in the medium containing 10µM of FeCl3 [222]. PGPR that have ACC deaminase activity 
help plants to withstand stress (biotic or abiotic) by reducing the level of stress ethylene 
through the activity of enzyme ACC-deaminase that hydrolyses ACC into α-ketobutyrate 
and ammonia, instead of ethylene [223, 224]. Furthermore, the inoculation of PGPR 
having multi-functional traits is better than having single traits [225]. Some of our isolates 
exhibited more than one PGPR trait, which is expected to be advantageous for plant growth 
promotion under various types of adverse conditions [226].  
 
The response of plants towards many tested isolates was variable as well as not that 
effective when we compare it with negative and positive controls which may be attributed 
to their individual traits. The increase in plant N, P, K concentration in response to PGPR 





produce siderophores and indole acetic acid, to fight against soil-borne pathogens by 
producing HCN under field conditions. Many studies have demonstrated that various 
PGPR produces plant growth regulators during their symbiosis with the host plants both 
under in vitro conditions and in rhizosphere.  In this study, an attempt was made to find a 
correlation between IAA produced by the isolates under in vitro conditions and the growth 
promotion they cause in host plants under in situ conditions. It was found that IAA 
production in presence of L-TRP by the isolates was positively correlated with the shoot 
height (r = 0.92, P = 0.05) and fresh root weight (r =0.88, P = 0.05). This gave an 
indication that the plant roots releases L-TRP in the root exudates, resulting in more 
rhizosphere IAA production. This also indicates that increased IAA production in 
rhizosphere may have positive effect on growth and nutrient uptake of inoculated plants. 
The whole study illustrates that PGP 49, PGP87 and PGP77 showed maximum PGPR traits 
(Figure 3.12 and Table 3.2). 
 
This study also highlighted a novel method of seed treatment i.e. “biological seed coating”, 
where maize seeds were coated with selected isolates (PGP 49, PGP87 and PGP77). This 
seed coating technique illustrated enhanced uptake of macro-nutrients (NPK) resulting in 
overall increase of plant growth. The results not only depicted increase in plant NPK 
concentration due to the effective colonization by the coated isolates but also attributed to 
the fact that this new technology has been very effective in giving the required and 
précised amount of dosage of nutrients when compared with conventional biofertilizer’s 
application. A significant increase (p<0.05) in shoot length, fresh and root dry weight was 
observed due to seed coating of selected isolates (Table 3.4). In addition, this study also 
suggested that a positive interaction exist between root colonization, NPK concentration in 
the plant tissues and growth promotion. Thus, it is a clear indication that bacterial isolates 
are able to provide better nutrient flux to the plants and result in increased root biomass 
with biological seed coating. Furthermore, a significant increase (p<0.05) in shoot length, 
fresh and root dry weight was observed due to seed coating of selected isolates (Table 3.4) 
which gives an indication that the biologicals were able to survive well on seed after 





variable as well as not that effective when we compare it with positive controls which may 







Chapter 4  Isolation, characterization and selection of 
Bradyrhizobium strains from root nodules of soybean 
grown in different agro-ecological regions of India. 
Abstract  
This study was conducted to isolate Bradyrhizobium spp. from the root nodules of soybean, 
evaluating their performance as a nitrogen fixer and selection of some better, viable and 
consistent performers for their future use in cultivation of soybean globally.  Twenty pure 
single colonies were isolated and characterized through morphological, biochemical, 
microscopic and growth observation.  Of these, six were recovered as slow growing 
isolates while the rest were fast growing based on bromothymol blue (BTB) test. In case of 
testing nodulating efficacy of all twenty isolates, only six slow growing isolates caused 
effective nodulation on soybean roots. All the greenhouse experiments were conducted in 
controlled conditions using sterile soil and perlite (1:1) in plastic pots in polyhouse. DS-
9712 was used as test soybean cultivar. Nodulation assay and data on plant physiological 
parameters were collected at the time of flowering stage. Out of six slow growing isolates, 
SOY 4 has higher effect on nitrogen content of shoot, shoot dry weight, and root dry 
weight, nodule number per plant and nodule fresh and dry weight in comparison over 
reference strain and the other five isolates.  
  







 The World’s dependence on nitrogenous fertilizers has been increasing steadily as 
population growth drives growing food demand [227]. Intensive use and sole dependence 
of farmers on chemical inputs such as  nitrogen fertilizers, is contributing to stagnating 
yields, reduced productivity and impaired soil health [11]. In addition, many environmental 
concerns have been raised about the increasing amount of the reactive forms of nitrogen 
(N) in the atmosphere [228]. Thus there has been increased attention on biological nitrogen 
fixation (BNF), particularly by legumes [229]. BNF, the process of reduction of 
atmospheric nitrogen (N2) into ammonia (NH3) was discovered by Beijerinck in 1901 
[230]. This complex process of reduction, requires a large amount of energy to break the 
triple bond between two nitrogen atoms [231] . The nitrogenase enzyme catalyses the 
breaking of triple nitrogen bond by adding three hydrogen atoms to each nitrogen atom. 
The overall reaction is: 
  N2 + 8 H
+ + 8 e- + 16 ATP             2NH3 + H2 + 16 ADP + 16 Pi 
 The nitrogenase enzyme is produced by special group of prokaryotes which includes 
aquatic organisms such as Cyanobacteria, free living soil bacteria such as Azotobacter, 
Azospirillum and most importantly, α- and β- proteobacteria, collectively known as 
‘Rhizobia’ or root nodule bacteria (RNB), which form symbiosis with legumes. The high 
energy demands (16 ATP per mole of N2 fixed) of the nitrogen fixing rhizobia are met by 
deriving C compounds for energy metabolism from the host plant [232].  
Atmospheric nitrogen, which is one of the abundant elements as well a critical element for 
plant growth and production, cannot be directly assimilated by plants, but it becomes 
available through the biological nitrogen fixation process.  The plant provides sugar from 
photosynthesis to RNB which they utilize for N fixation. In exchange of these carbon 
sources, the microbes provide fixed (available form) nitrogen to the host plant for its 
growth. The most important nitrogen fixing symbiotic associations are the relationships 
between legumes and bacteria of the family Rhizobiaceae.  The family Rhizobiaceae in 





Mesorhizobium, Ensifer or Bradyrhizobium, which are collectively referred to as rhizobia 
[233].  Legumes are very important both ecologically and agriculturally because they are 
responsible for a substantial part of the global flux of nitrogen from atmospheric nitrogen 
N2 to the fixed forms. The agriculturally important legume includes soybean, alfalfa, 
beans, clover, cowpea, lupines, peanuts and vetches. Soybean (Glycine max) which is also 
known as the ‘King of beans’ is one of the most important edible food legume in the 
world’s diet. It represents 50% of the grain legumes consumed worldwide, has been 
cultivated for more than 3000 years in south-eastern Asia and  is now cultivated across the 
whole world [234].   Root nodulating rhizobia are generally diverse and are classified into 
9 rhizobia species and 1 non-rhizobial species, including   B.japonicum, B. liaoningensis, 
B. elkanii, B.cystisi, B. denitificans, B. jicamae, B.iriomotense, B.yuamingense, 
B.pachyrhizi. 
The successful establishment of  symbiosis between soil bacterium Bradyrhizobium 
japonicum and its legume host is a multi-step process that is dependent on the exchange of 
chemical messages between RNB and legume (Figure 3.1): preinfection (chemotaxis of 
bacteria, the exchange of signals, the adsorption of microsymbionts on the root surface), 
infection of the roots and development of nodules (penetration, formation of infection 
threads, the transformation of bacteria into bacteriods) as well as the functioning of the 
nodules in fixing atmospheric nitrogen [235-237]. 
  BNF is a sustainable and low cost alternative to nitrogen fertilizers in agricultural systems 
worldwide; however, successful delivery of sufficient viable RNB to large scale legume 
cropping systems remains a challenge. The list of RNB inoculants has increased 
considerably over the last decade world-wide. Despite of availability of various biological 
products in global markets, rhizobial inoculation does not always result in yield 
enhancement. This may be due to the indigenous but less effective N-fixing rhizobial 
populations out-competing the introduced RNB for nodulation as they are better adapted 







 Soybean rhizobia 
 Enhanced nitrogen fixation can be achieved by selecting more effective RNB, and ensuring 
that these strains show a competitive ability against native rhizobial populations in soil 
[239].  
India has a large biodiversity of naturally occurring RNB resources. Madhya Pradesh, 
Maharashtra, Rajasthan are the main soybean producing states and Madhya Pradesh, being 
the  largest soybean producer state is known as “Soya state of India” [240]. In Rajasthan, 
soybean is primarily cultivated in the south eastern part of the state covering the Kota, 
Bundi, Baran, Anta and Jhalawar districts which are collectively known as known as  the 
‘Haroti’ region [241].  
To determine if more effective naturalized soybean RNB can be isolated to enhance N-
fixation in soybean cropping system, indigenous rhizobial populations from different 
soybean growing regions of India will be screened for novel, effective and better adapted 
inoculant strains. Therefore, the objectives for this study were to: (i) to isolate and 
characterize native rhizobia nodulating soybean from soils of various soybean growing 
regions of India and (ii) to evaluate symbiotic efficacy of Bradyrhizobial isolates by 

















Figure 4.1 Showing formations of nodules which is a multi-step process. Roots of the host 
legume plants release flavonoids which triggers the production of nod factors. 
These nod factors produced by the bacteria are sensed by roots and a number of 
biochemical and morphological changes takes place. These changes trigger root 
hair curling and the cell divisions in root, leading to the formation of pre-
nodules. The bacteria enter the root hairs by forming an infection thread, and 
then progress inside the pre-nodule, determining the nodule development and 
eventually gets differentiate inside internal nodule cells the cell division in 
roots, leading to the formation of nodules. The bacteria enter inside the nodule 
with the help of infection thread and gets differentiate inside root cortex cells 
into bacteriods which fixes the nitrogen in plants [242].   
 4.2 Materials and Methods  
 4.2.1 Reference culture 
The recommended reference culture of Bradyrhizobium spp. (DS1) was procured from 
Department of Microbiology, Indian Agricultural Research Institute (IARI), and New 
Delhi, India.  
4.2.2 Sample collection 
Soybean plants belonging to two agriculturally important cultivars JS93-05 and JS95-60 
were removed from various fields of (Krishi Vigyan Kendra) of Bundi, Kota, Anta, Baran, 





flowering stage of crop and were transported to the laboratory in plastic bags (Figure 4.2; 
Table 4.1). 
Figure 4.2:  Map of India showing sample collection sites (1) Sampling site in Bundi; (2) 
sampling site in Kota; (3) sampling site in Anta; (4) sampling site in Baran; 












Table 4.1: Geographic co-ordinates of the sampling sites 
Location State Longitude Latitude Altitude 
Bundi  
 
      Rajasthan 
75˚ 64’ E 25˚ 44’ N 268m 
Kota 75˚ 50’ 0” E 25˚ 11’ 0” N 271m 
Anta 76˚ 18’ 0” E 25˚ 9’ 0” N 253m 
Baran 76˚ 52’ E 25˚ 1’ N 262m 
Jhalawar 76˚ 9’ 0” E 24˚36’ 0” N  312m 
Indore Madhya Pradesh 75˚ 50’ 50” E 22˚ 43’ 0” N 553m 
4.2.3 Isolation of nodulating rhizobia 
Isolation of Bradyrhizobium from soybean root nodules was performed by the method of 
Somasegaran and Hoben (1985). They were nodulated spontaneously from autochthonous 
rhizobia. The roots of the plants were rinsed in tap water to remove loosely adhering soil. 
Before selecting the nodules for isolation, root nodules were dissected to see the nodule 
were pink in color or not as the pink color gives an indication that the nodules are positive 
and actively fixing nitrogen. Large, healthy and mature nodules were removed from each 
plant with sterile forceps. After separation, nodules were surface sterilized first with 70% 
ethanol for 2 minutes, followed by 0.1% mercuric chloride for 1 minute. Then nodules were 
immediately washed 8-10 times with sterile distilled water to remove traces of mercuric 
chloride. The surface sterilized nodules were then placed into a test tube with 1 ml of sterile 
0.85% NaCl. Nodules were then crushed with a flame-sterilized glass rod. This was then 
serially diluted and spreader over sterilized Congo red yeast extract mannitol agar 
(CRYEMA) containing 0.0025% (w/v), 0.5g K2HPO4, 0.2g MgSO4.7H2O, 0.1g NaCl, 1g 
yeast extract, 10g mannitol, 15g agar per liter. pH was adjusted to 6.8. Plates were 
incubated at 28 ± 2⁰C in dark until growth appeared. Single unique colonies were picked up 
and were again streaked on CRYEMA until pure culture was obtained. 
4.2.4 Biochemical and morphological characterization of rhizobial isolates 
To study morphological, cultural and biochemical characterizations, Gram-staining was 





YEM broth (yeast-extract mannitol broth) and stained as per the standard gram’s procedure 
[243]. Morphological characterization was performed on the basis of colony morphology 
including shape, color and surface margin. 
 
4.2.5 Differentiation between fast and slow growing rhizobial isolates 
The isolates were classified as fast and slow growers based on their reaction on yeast 
extract mannitol agar medium supplemented with bromothymol blue (BTB) [244]. BTB 
agar was prepared by adding 5mL of (0.5% BTB in ethanol) to 1 liter of YEMA medium. 
The plates were incubated at 28 ±2⁰C for 2-5 days. The change in color of medium was 
observed. The isolates were classified as slow growers (medium turns blue) or fast growers 
(medium turns yellow) on the specific medium. Purified colonies were maintained on 
YEMA slants containing calcium carbonate (0.3%) and stored at 4⁰C for further use. 4.2.6 
Authentication and preliminary screening of rhizobial isolates using nodulation test 
4.2.6.1 Seed procurement, seed sterilization and germination 
Seeds of soybean of an agronomically significant genotype DS-9712 were obtained from 
Directorate of Soybean Research (ICAR), Indore. For seed sterilization, 100 seeds of each 
variety were first sterilized with 70% ethanol for 2 minutes followed by soaking in 0.1% 
w/v mercuric chloride in water for 1 minute. The seeds were then rinsed 6-8 times with 
sterilized distilled water to remove traces of mercuric chloride. Then to promote 
germination, seeds were kept in sterilized distilled water for 30 minutes. Sterilized seeds 
were then placed on plates of water agar medium (0.7%). The plates were incubated at 
30⁰C in the dark for germination. 
4.2.6.2 In situ establishment of plants and microbial inoculation 
 All purified RNB 20 isolates were screened for infectivity and symbiotic efficiency in 
plastic pots with dimensions of 250 ×65 mm (height× width) filled with 500g of sterilized 
sand and perlite in a ratio of 1:1. Plastic pots were sterilized by 70% ethanol and 
autoclaved 3 times [245]. Five surface sterilized and pre-germinated seed were transferred 





germination. Each rhizobium isolate was grown on YEM broth to approximately 
109cells/mL determined by using optical density and inoculated into each seedling. The 
experiment was made up of 5 replicates of each isolate, 5 replicates of reference strain, 5 
replicates of negative control (-N) and 5 replicates of positive control (+N) with inoculated 
seedlings. The positive control was supplied with nitrogen (N) weekly at a rate of 0.05% 
KNO3 (w/v) solution. Plants were also fertilized with nitrogen-free nutrient solution once a 
week and received water every day [246]. 
 4.2.7 Soybean harvesting and collection of nodules, roots and shoot biomass 
 Plants were harvested after 45 days. During harvesting, nodules were separated aseptically 
and nodule properties were studied without damaging roots. Fresh weights of root and 
shoot biomass was measured for each treatment of plants. For dry weight measurements, 
samples of nodules, root and shoot biomass were wrapped separately in blotting paper and 
dried in hot air oven (Salvis, Thermo centre oven, Rotkreuz, Switzerland) at 60⁰C and dry 
weight was taken continuously every alternate day until it was constant for three 
consecutive days. In addition, nitrogen content of dried plant shoots was estimated using 
Kjeldhal digestion method. 
4.2.8 Nitrogenase activity of root nodules 
Nitrogenase activity in nodules was measured using the acetylene reduction method [244]. 
Aseptically separated 5 nodules of each soybean plant per isolate, were then exposed to the 
mixture of acetylene-in-air in test tubes (30mL). These test tubes were sealed (subha seal) 
and 10% (3mL) of air from these test tubes was replaced with equal volume of acetylene. 
Test tubes were then incubated for 1 hour at 30˚C. After incubation, 1mL of the gas sample 
was injected into the gas chromatograph (Agilent GC-6890N, Japan) with the help of a 
glass syringe. Similarly values were recorded for standard ethylene and acetylene gas 
[247]. Dry weight of oven dried (60˚C for 4 days) root nodule system was taken and the 






 µ𝐦𝐨𝐥 𝐂𝟐𝐇𝟒 𝐩𝐞𝐫 𝐡𝐨𝐮𝐫 𝐩𝐞𝐫 𝐭𝐮𝐛𝐞 = (𝐞 − 𝐛 − 𝐢)/𝐒 ×    𝐜 ×  𝐯 ×  𝐫 ×  𝟏/𝐭 
 where 
 e = peak area produced from the sample (mm) 
 b = peak area produced from the sample without acetylene (mm) 
 i = peak area of sample with acetylene, uninoculated (mm) 
S = peak area of standard ethylene (mm) 
v = volume of the test tube (mL) 
t = time of incubation 
c = concentration of ethylene standard in nmoles 
= 4.47 based on: 
       Concentration of ethylene in tank = 218.8ppm 
  At STP C2H4 occupies 24.4 li 
r = ratio of area of internal standard without sample to area of internal standard  
 With sample = 1 
 
4.2.9 Isolation of genomic DNA and PCR amplification 
Genomic DNA was isolated from the bacterial cultures by using a Genomic DNA Mini Kit 
(Geneaid). 16S rRNA gene was amplified using universal 27 F (5’- 
AGAGTTTGATCMTGGCTCAG-3’) and 1510R (5’-GGTTACCTTGTTACGACTT-3’) 
primers (Sigma-Aldrich). 50µL reaction mixture was prepared containing 5µL 10X PCR 
Reaction Buffer, 2µL 50mM MgCl2, 1µL 10mM dNTPs mix, 2µL of each primers, 0.26µL 
5U/µL Taq polymerase, 2µL of DNA template and 16.8 µL Milli-Q water. PCR reaction 
was carried out in thermal cycler (96-well Thermal Cycler, Bio-Rad) using cycles as 
follows: 3 min at 95°C, 1min at 95°C, 1 min at 56°C, 1 min 30 sec at 72°C and final 
extension for 10 min at 72°C.  The amplified 16S rRNA gene was purified with a 
QIAquick Gel extraction kit (QIAGEN) and outsourced for sequencing (University of 
Delhi, South Campus). The sequence data was aligned and analysed to identify the 






4.2.10 Phylogenetic analysis 
Molecular Evolutionary Genetics Analysis 6 (MEGA version 6) software [208] was used to 
infer the molecular phylogeny of 16SrRNA gene sequences by the neighbour-joining 
method [209] with Kimura’s two-parameter nucleotide distances [210] and discarding 
positions with gaps in any sequence. Statistical support for tree nodes was evaluated by 
performing a bootstrap analysis (500 replicates). The 16 S rDNA sequences obtained from 
SOY 4, isolated and characterized in the present study were compared with those of 
rhizobial reference strains available in the GenBank database. 
4.2.11 Nucleotide sequence accession number 
The sequence determined in this study has been deposited in the NCBI GenBank database 
under accession number KU714462. 
4.2.12 Determination of growth kinetics 
 
A loopful of freshly grown culture of SOY4 isolate was inoculated in separate flasks 
containing Yeast Extract Mannitol (YEM) broth medium. The inoculated flasks were then 
placed at 28 ± 2°C on a shaker at a speed of 140rpm. To obtain growth rate and doubling 
time, the optical density of each flask was measured after every 12 hours up to 480 hours at 
wavelength 600nm using an UV/Visible spectrophotometer with the culture medium as 
reference. Specific growth rate and doubling time were calculated based on the formula 
given by Stanier et.al. [242]. 
The numbers of colonies were determined using serial dilution method. Serial dilutions of 
the culture were conducted and 0.1mL of the diluted culture was spread on a YEMA plate. 
The plates were then incubated at 28°C ±2 till the colonies appeared on plates and the 







4.2.13 Cellular morphology 
Exponential phase cells cultured in YEMB medium were observed by scanning electron 
microscopy (SEM). Samples for SEM were prepared as follows. Cells were harvested by 
pelleting them down at 3000rpm for 5mins and washed with 0.1M phosphate buffer. This 
was followed by fixation of cells with 2.5% glutaraldehyde in 0.1M PB and kept it for 
8hours at 4°C. Cells were again washed 3 times with 0.1M PB to remove fixative. Then 
cells were dehydrated gradually in a series of water-ethanol (10%-100%) gradient solutions 
and then dried by a critical dryer before coating them with gold-palladium using sputtering 
coater (EMITECH K850, U.K). CPD samples were analyzed in Zeiss scanning electron 
microscope (Model-EVO MA10 London, U.K) with an accelerating voltage of 10kV. 
4.2.14 Correlation analysis 
The correlation between different growth parameters was determined by calculating 
Pearson product moment correlation coefficient [248]. The correlations were considered 
significant if P < 0.05. 
4.2.15 Statistical analysis 
The data were examined using analysis of variance (ANOVA). Differences between the 
treatments of isolates were determined using ANOVA. A comparison between means of 
treatments was calculated using Duncan’s post hoc test at the 0.05 probability level. 
4.3 Results 
4.3.1 Sample collection from fields 
From the root nodules of soybean plants collected from six different sites, a total of twenty 
bacterial isolates were obtained. Of these, seven isolates were isolated from the JS95-60 
cultivar from Bundi, four isolates from Kota, one isolate from Anta, two isolates from 






4.3.2 Phenotypic characterization 
The colony characteristics of isolates did not vary widely. All the isolates produced 
whitish, round and smooth surfaces on YEMA plates (Figure 4.3 A).  Out of 20, 6 colonies 
did not absorb Congo red dye at young stage but absorbed slightly when cultures became 
old. And the colonies of these six isolates were slimy/ mucoid in appearance on CRYEMA 
plates (Figure 4.3 B). Rest of the thirteen isolates were maintained and will further 
processed for characterization of PGPRs. Microscopic observation of SOY4 isolate during 
the exponential phase using scanning electron microscope (Figure 4.4) indicated that the 
cells are rod-shaped which strengthens the similarity of this isolate to those recorded for 
Bradyrhizobium japonicum as described earlier by many other researchers. 
4.3.3 Differentiation between slow and fast growing isolates of soybean 
The bacterial isolates were further tested on YEMA plates containing BTB for 
differentiating isolates as fast (acid producers) and slow growers (alkali producers). Out of 
20 isolates, 14 fast growing isolates turned green color of BTB-YEMA plates into yellow 
color within 24 hours of incubation (Figure 4.3 C) whereas remaining six isolates along 
with reference strain DS1 produced blue color after 72-96 hours of incubation on BTB-






















Figure 4.3 (A) Growth on Yeast Extract Mannitol medium plate (YEMA); (B) growth on 
Congo red –Yeast Extract Mannitol medium plate (CRYEMA); (C) Fast 
growing isolates turned green color into yellow on BTB-YEMA plates; (D) 





























Figure 4.4:  Scanning electron microscope showing rod-shaped root nodulating bacteria. 
Bar = 1µm 
4.3.4 DNA sequencing and Phylogeny analysis 
In order to determine the phylogenetic position of SOY4 isolate, the partial sequence 
(699bp) of 16S r RNA genes were determined. All the 16S rRNA sequences and 16SrRNA 
gene sequence of SOY4 were very similar to those of Bradyrhizobium japonicum (Figure 







Figure 4.5: Phylogenetic relationship of SOY4 based on 16S rRNA genes and inferred 
using the neighbour-joining method. Numbers above each node are bootstrap 
confidence levels (expressed as percentages) generated from 500 bootstrap 
trees. 
4.3.5 Symbiotic efficacy of bacterial isolates 
 In greenhouse experiments, out of 20 isolates, only six isolates SOY1, SOY 2, SOY 3, 
SOY 4, SOY 5 and SOY 6 were able to nodulate soybean plants (Figure 4.6). Amongst 
these six isolates, maximum nodule biomass was recorded in soybean plant inoculated with 
SOY 4 strain. In addition, all six isolates significantly improved nodular biomass when 
compared with negative control. But the most significant enhancement in nodular biomass 
over positive (reference) strain was recorded due to inoculation of SOY 4, SOY 5 and SOY 
2 (Figure 4.7). Visual responses also depicted the effect of RNB inoculation in soybean 























Figure 4.6 Showing nodulation in soybean roots after Bradyrhizobia inoculation (a) root 
nodules in plants inoculated with SOY1 isolate; (b) root nodules in plants 
inoculated with SOY2 isolate; (c) root nodules in plants inoculated with SOY3 
isolate; (d) root nodules in plants inoculated with SOY4 isolate; (e) root 
nodules in plants inoculated with SOY5 isolate; (p) root nodules in plants 
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Figure 4.7: Effect of Bradyrhizobia inoculation on nodule biomass of soybean plants under 
greenhouse conditions. Values without common letters differ significantly at 
p≤ 0.05 
4.3.6 Effect on shoot height and shoot biomass 
With respect to the shoot height, soybean cultivar DS-9712 responded towards inoculation 
of all the six isolates in a positive manner while statistically significant increase in shoot 
height was caused by SOY 1, SOY 3, SOY 4, SOY 5 and SOY6 (Figure 4.8) when 
compared with negative control (without nitrogen). Furthermore, all the six isolates 
improved shoot biomass. The most significant increase in shoot and root dry biomass was 
recorded in plants inoculated with SOY4 and SOY5 over both positive and negative 



















































Figure 4.8 Effect of Bradyrhizobia inoculations on shoot height of soybean plants under    










Figure 4.9 Effect of Bradyrhizobia inoculations on shoot and root dry biomass of soybean 
plants under greenhouse conditions. Values without common letters differ 
significantly at p≤ 0.05 
 
4.3.7 Acetylene reduction activity (ARA) 
ARA for root nodule systems (RNS) infected with six Bradyrhizobia isolates ranged from 
1.78-2.13 µMoles C2H4 plant
-1h-1 for DS-9712 cultivar. Furthermore, the values of ARA 





those recorded for the RNS treated with the remaining five isolates (Table 4.2). Similarly, 
the largest improvement in shoot N over control was assessed in plants raised after 
inoculation with SOY4 isolate. However, SOY3, SOY5 and SOY6 also brought 
enhancement in nitrogen content in shoot (Figure 4.10). Also, nodules were assessed to 











Figure 4.10 Percentage nitrogen of plant tissue inoculated with different RNB under 









Table 4.2: Acetylene reductase activity (ARA) of root nodules of soybean cultivar DS-
9712 inoculated with six root nodulating bacterial isolates under controlled 
conditions. Values without common letters differ significantly at p≤ 0.05 
4.3.8 Kinetics determinations 
The rhizobial strain SOY4 in this study belongs to Bradyrhizobium genus and was referred 
to as a slow grower based on its aerobic growth rate (Figure 4.11). SOY4 strain (µmax = 
0.04 h-1, doubling time = 14 h) attained stationary growth at 144 and 168 hr. with ODs of 









Treatments Nitrogen (%) Acetylene Reduction activity (µMoles C2H4 plant
-1h-1) 
+N 2.38 ± 0.02cd - 
- N 0.58 ± 0.19e - 
Control 2.4  ± 0.43cd 1.97 ± 0.02c 
SOY1 2.19 ± 0.31d 1.92 ± 0.76b 
SOY2 2.18 ± 0.42d 1.87 ± 0.04b 
SOY3 2.662 ± 0.10d 1.78 ± 0.04bc 
SOY4 3.102 ± 0.05a 2.13 ± 0.19a 
SOY5 2.804 ± 0.76ab 1.91 ± 0.55b 






Figure 4.11: The growth characteristics of SOY 4-B.japonicum. Growth was evaluated at 
the OD600nm measurement (Blue color) and the number of CFUmL-1 ±SD 
(Red color). Where error bars are absent, they are smaller than the symbol 
and E is 10Ʌ. 
4.3.9 Correlation studies 
Correlation between measured parameters were examined in order to find out whether 
some of these parameters could be used to get any indication about the effect of inoculation 
and other treatments on the comparative increase in plant productivity, Figure 4.12, shows 
that the there was a highly positive correlation between the shoot dry weight and the 
nitrogen content per plant. Similarly, the root dry weight per plant was also positively 
correlated with N content in the inoculated plants (Figure 4.13). Furthermore, nodules per 










































Figure 4.12: Linear regression between shoot dry weight per plant (SDW) and N content 









Figure 4.13 Linear regression between root dry weight per plant (RDW) and N content per 










































































Figure 4.14 Linear positive correlation between nodules per plant (NPP) and the acetylene-
reduction assays of nodules from plants from all the treatments. 
4.4 Discussion 
Soybean, in symbiosis with Bradyrhizobium, has the ability to fix nitrogen at a rate of up to 
300kg ha-1 under favourable conditions [249]. Optimizing the symbiosis can both increase 
yields and improve soil fertility, thus reducing the costs and environmental impacts caused 
by nitrogen fertilizer application [250, 251]. Selection of an efficient strain is considered to 
be one of the major factors affecting symbiotic N- fixation [252]. In the present study, root 
nodulating bacterial strains were isolated from the root nodules of Glycine max, (soybean) 
growing in different regions of Rajasthan and Madhya Pradesh. Twenty strains were 
isolated from soybean plants and out of 20, six isolates were successfully reinfected the 
host plants confirming them as nodulating bacteria which may be the strains of 
Bradyrhizobium species. The morphological, cultural and biochemical properties of the 
bacterial isolates were similar to those recorded for Bradyrhizobium. As reported by 
Mahna et.al.  [253], the cells of Bradyrhizobia strains were gram negative, rod shaped 
(Figure 4.6) and formed small circular, glistening, mucoid, whitish colonies on YEMA 
media which is similar to the results obtained in the current study. The bacterial isolates in 





tested on YEMA plates containing bromothymol blue which indicated that fast growing 
isolates were found to produce yellow color due to acid production on the medium (Figure 
4.5 C). On the other hand, slow growing isolates produced blue color, which indicated the 
presence of alkali producers (Figure 4.5 D). These results were similar to the findings 
reported by Hungria et.al  [254] and Alemayehu  [255]. Like Bradyrhizobium, 
Agrobacterium belongs to the same family Rhizobiaceae, but comes under non- rhizobial 
species because it does not form nitrogen fixing symbiotic root nodules. To differentiate 
between Bradyrhizobium and Agrobacterium, preliminary physiological characterization 
such as Congo red test was performed. Gachande and Khansole [256], have reported that 
Agrobacterium absorbs Congo red, while rhizobia do not, older cultures and those exposed 
to light, can also absorb Congo red in YEMA medium (Figure 4.5 B). All the RNB isolates 
showed significant differences in plant growth for almost all parameters measured (Tables 
4.2, Figure 4.8, 4.10, 4.11, and 4.12). Out of six isolates, SOY4 (0.74g) and SOY5 (0.65g) 
showed higher shoot and root dry weight compared to other isolates and almost equal to 
the nitrogen plus control (0.76g). It was also observed that the application of 200kgN/ha 
did not improve seed yields in comparison with soybean rhizobial inoculation, as it was 
previously demonstrated [257, 258]. The greatest number of nodules was observed in 
plants inoculated with SOY4 (8) when compared with other isolates, however, this increase 
in nodule number was not directly translated to significant nitrogen fixation. It has been 
reported that bigger nodules with stronger haemoglobin activity, rather than the nodule 
number, are better drivers for increased N2 fixation in legume crops [259, 260]. 
The most important criterion for a rhizobium strain to be selected as a legume inoculant is 
that it must be highly effective in nitrogen fixation fixing nitrogen [261], which can be 
determined by measuring total N accumulation in legume plants and nitrogenase activity 
[262]. In addition to this, effectiveness and competitiveness in local soil, lack of specificity 
and genetic stability are equally important criteria for selecting a legume inoculant.  
 Isolates of rhizobia were initially screened in the greenhouse for their symbiotic 
effectiveness and nitrogen fixation ability. The isolate with the highest nitrogenase activity 
was SOY4 (2.13 ± 0.19aµMoles C2H4 plant
-1h-1). In addition, an attempt was made to find a 





4.14). It was found that the shoot dry weight was positively correlated (r = 0.92, P =0.05) 
with nitrogen content. Similarly, root dry weight was also positively correlated (r = 0.83; P 
= 0.05) with the nitrogen content per plant. Furthermore, nodule number was also found to 
be positively correlated (r = 0.75, P =0.05) with the nitrogen content. All these correlation 
studies indicated that with increase in shoot, root dry weights and nodule numbers, the 
nitrogen content also increases. The positive correlation between nodule and plant dry 
weight was similar to those reported by other authors [254, 263] and show that increased 
BNF in soybean can be obtained by selecting effective strains and efficient soybean 
cultivars as cultivar-strain pair [264-266]. These results reported here may or may not to be 
consistent across several plant genotypes. Taken together, these findings suggest that 
nodule number and their dry weight might assist breeders in selecting genotypes based on 
nitrogen fixation. Furthermore, results indicated that apart from host, the bacterial 
population to be introduced in soil through seed coating is also an important factor in 


















Chapter 5  Integrated approach for seed coating process 
Abstract 
Integrating biologicals into existing seed coating/seed treatment practices has potential 
towards improved crop productivity as well as efficient resource utilization. However, 
there are still limiting factors for commercial seed coating application of biologicals mainly 
due to poor survival and lack of compatibility with chemicals used in such processes. Thus, 
developing formulations which can provide précised and viable concentrations of microbial 
cells and high survival rate under storage conditions as well as compatibility with 
fungicides and polymers constitutes an essential step in the development of effective 
formulation for seed coating.  
The main aim of this study was to develop a novel environmentally friendly formulation 
with increased shelf-life of biologicals along with efficient fungicides and polymers to 
increase the stability of formulation during storage. This chapter comprises studies that will 
determine extent of compatibility between chemicals and AMF, determine whether the 
viability of biologicals (AMF, PGPR and rhizobium) is influenced by the incorporation of 
fuller earth (absorbent clay) and polymers, and assess the impact of thin-film seed coating 
of developed formulation (having biologicals, fungicides, polymers) on growth and yield 











In practice, since seed must be stored at low moisture levels, an inoculant must be able to 
survive a period of low water activity. And for better survival,  microorganisms   may also 
need to be applied in combination with other active ingredients, such as fungicides and 
insecticides [267]. Applying agrochemicals on seeds before sowing is a rapidly growing 
trend. However, the trend is more towards the use of fungicide for protecting crops from 
soil borne pathogens. This rising trend is the outcome of increased attention of farmers to 
have maximum attainable yields. In recent years, the number of commercially available 
seed fungicides has increased having several key benefits over the conventional methods of 
applying fungicides used by the farmers. One of the major advantages of using fungicide 
treated seeds is that the dose of fungicide applied on seed is at a very precise and lower 
rate, which reduces environmental exposure to the farmer.  Available fungicides for seed 
treatment are either broad - spectrum or narrow - spectrum. Broad - spectrum fungicides 
provide good control of numerous soil and seed borne fungicides whereas narrow- 
spectrum fungicides are highly effective against specific fungal genera 
(http://www2.ca.uky.edu/agcollege/plantpathology). Depending on the applications, 
fungicides can be coated along with biologicals on seed but this needs an assessment of 
compatibility among each other. Crop productivity can be maximized with the use of 
fungicides which control fungal pathogens without affecting the non-targeted beneficial 
micro-organisms in the soil [121]. To date, concerns of farmers over the impacts of 
fungicides on indigenous or inoculated biologicals primarily on arbuscular mycorrhizal 
fungus (AMF) in soil are increasing.  Mycorrhizae are essential components of most plant 
systems and are considered as essential biological community for increasing the 
sustainability of agricultural systems [268]. Arbuscular mycorrhizal fungi improve plant 
fitness and productivity directly through increasing uptake of phosphorous and insoluble 






5.1.1 Biologicals interaction with agro-chemicals  
Agricultural chemicals particularly fungicides are successful in controlling pests and 
pathogens, but their application often also results in the indiscriminate killing of beneficial 
micro-organisms such as Arbuscular mycorrhizal fungi (AMF) [272]. Fungicide 
applications have varied effects on mycorrhizae [273]. The effect of fungicides on 
mycorrhizal fungi has been reviewed by many researchers in many years. But the reported 
results concerning the effect of fungicides on AMF are highly controversial. There are 
studies shown that application of fungicides has impacted AMF colonization of plant roots 
[274].  For example, fungicide having metalaxyl (methylN-(2-methoxyacetyl)-N-(2,6-
xylyl)-DL-alaninate) was found to have a negative impact on AMF colonization in orange 
and leek roots when used as seedling treatment [275]. Similarly, fungicides based on 
captan significantly affected AMF colonization by reducing hyphal length and vesicle 
formation in tomato roots [276]. Whereas there are some reports finding that metalaxyl and 
Tebuconazole based fungicides when applied with biological inoculum promoted AMF 
colonization in maize  [277, 278]. Similar observations were also depicted by  Williams 
and Pederson [279], when seed treated with fludioxonil stimulated  AMF colonization in 
soybean roots. The possible reason for this could be the reduced competition with 
aggressive pathogens like Rhizoctonia species. In addition, there are reports suggesting that 
the response of fungicides is AMF species specific [280, 281]. All these reports indicated 
that the potential effects of systemic as well as contact fungicides on non-targeted 
beneficial AMF are not fully understood and the variability in AMF colonization when 
used with fungicides could be due to differences in AMF community, host plants, chemical 
nature of fungicides including the mode of action, application methods of soil environment.  
Moreover, to our knowledge, there are no published reports mentioning that fungicides 
applied as a seed treatment at label rates have completely eliminated the AMF 
colonization. Depending on the application, fungicides as seed treatments can be used with 
biologicals but their compatibility must be assessed with the fungicides as it is very 
important for an end user to know whether fungicide seed treatments, if used along with 
biologicals, will hamper their efforts at obtaining good growth and yield of crop or not. 
Furthermore, chemical formulations of agro products set high standards for long shelf-life, 





formulations are expected at least to match them. The main practical features of a 
microbial inoculant expected by a farmer are the ability to work under different field 
conditions, shelf-life that lasts for more than a season and reproducible results in the field 
[282]. To overcome problems inherent to living organisms such as loss of viability during 
storage and stability of products over a range of -5 to 30°C with storage conditions, 
polymers to liquid microbial formulation  should have the ability to protect microbes from 
temperature fluctuations during storage period [283]. Polymers have been used in 
microbial inoculation production because of their ability to limit heat transfer, their good 
rheological properties and high water activities [284]. The polymers such as methyl 
cellulose, gum arabic, polyvinyl pyrrolidone (PVP) and alginate are normally used as 
adhesive compounds with solid based carriers when they are applied to seed [283]. 
Polymers which are dispersible and soluble in liquid inoculant formulation make the batch 
processing of microbial culture very convenient and a simple process for farmers to use. 
Commercial polymers used in this study were selected based on their properties, such as 
dispersability and solubility in water, non-toxicity as reported by seed coating companies 
in market and their complex chemical nature, which prevents microorganisms in the soil 
from rapidly degrading the polymer coating [285]. 
Among all the beneficial microbes, the exceptional benefit of mycorrhizal propagules is 
that they not only survive in the most stressful environments but also help plants to survive 
in those conditions. Also they can be stored at ambient temperature and have longer shelf-
life compared to other bacterial systems. To provide the inoculants more precisely in the 
close vicinity of the seed and to provide a boost for the seedling in its critical early stages 
of development, “Biological seed coating” has been developed in agricultural practices as a 
novel approach to precision farming. 
 Biological seed coating is one of the methods of seed treatments. Earlier seed treatment 
was the only route of delivering fungicides for the control of certain seed – borne 
pathogens [25, 286]. But now the focus is also on delivering biologicals which provide 
better emergence, higher seedling establishment, higher yields and improved crop quality.  
Biological seed coatings compared to conventional applications of crop protection offer 





studies have confirmed that mycorrhizae help in plant growth, health, production [31, 32], 
in increasing the uptake of nutrients especially phosphorous [36, 37, 39, 287], and also 
affect plant growth indirectly by improving the soil structure, providing antagonistic effects 
against pathogens and altered water relationships [288]. 
 
Therefore, in the present study an attempt was made to determine the impact of fungicide 
on AMF (Glomus intraradices) colonization when applied at recommended dosage for 
seed coating; to evaluate the compatibility and survival of biologicals and micro-plot trials 
were conducted.  
 5.2 Materials and Methods 
5.2.1 Arbuscular mycorrhizal fungus 
Dry inoculum of Glomus intraradices (AM-1001) was collected from The Energy and 
Resources Institute (TERI’s) AMF culture bank and its viability was checked using MTT 
(MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)   assay before being 
used for further experiments. 
5.2.2 In vitro compatibility study using two-compartmental petri-dishes 
Two compartmental split petri-dishes, first developed by St-Arnaud et al. (1996) [289], 
were used for in vitro study to delimit a hyphosphere totally free of roots. This system 
(Figure 5.1) enabled to define the radical compartment or mycorrhizosphere (containing 
the transformed roots and AMF) and the extraradical compartment of hyphosphere 
(containing only AMF). Radical compartment received approximately 30mL of minimal M 
media gelled with 0.25% phytagel. Extraradical compartment received 25mL of minimal 
M media but in this compartment, recommended dosage of fungicides was also 
incorporated for seed treatment (Table 5.1). A small stub of media 1.5×1.5cm, containing 
transformed carrot roots (Dacus carota L.) and G.intraradices was inoculated in the radical 
compartment by replacing equivalent media. The double-compartment petri-dishes were 
then covered and sealed using plastic film (Parafilm, Tarsons, and New Delhi, India) and 
allowed to grow further. Plates were observed after every week to check hyphal transfer 
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Figure 5.1 Double-compartment root organ culture allowing separation of the radical and 
extraradical compartments. 




Recommended dosage  
of fungicides 
Dosage of seed application  
per 25mL of media 
Maxim XL 10.9mL per 100kg of 
seeds 
2.68µL 
Ridoxyl 200g per 100kg of 
seeds 
1.34µL (prepared in sterile 
water) 
Thirox 250g per 100kg of 
seeds 








5.2.3 Application of fungicide on maize seeds for in situ compatibility test 
All treatments were prepared at recommended dose for seed coating (Table 5A.2). Sterile 
distilled water was used for preparation of formulation. 
Table 5.2 Dosage of fungicides applied on maize seeds during compatibility studies with 
Glomus intraradices under greenhouse conditions. 
 
5.2.4 Biological seed coating along with fungicides and polymers 
A film coating formulation that contained a suspension of a commercial water soluble 
polymer (ATLOX-containing Vinyl acetate and copolymer), a fuller earth 
(TERRAGREEN), and fungicide and G. intraradices spores was developed. One uniform 
layer of coating with <0.1mm thickness was done in NIKLAS (W5/0.1) seed coating 
machine for 30 seconds on maize seeds. The standardization of formulation was done in 
lab before applying on seeds and 20 spores per seed were targeted. Standardization was 
carried out on the basis of recommended dosage of polymers, seed rate and number of 
bacterial cells for a particular crop. Recovery and viability of spores were also tested after 
seed coating. Similarly, a film coating formulation that contained a suspension of different 
clays (1g), PGPR (lyophilized culture, 1g) a commercial water soluble polymer (Atlox) 
(0.5mL with dilution) was developed. A uniform <0.1mm thickness one layer (single film 
coating with all the ingredients) coating was done in small  NIKLAS (W5/0.1) seed coating 
machine for 30 seconds on maize seeds. The standardization of the formulation was done 
in lab scale machine and formulation was applied on the basis of surface area of seeds. For 
conducting in vitro and field studies, seed coating was not done controlled and sterile 




Recommended dosage of 
fungicides 
Dosage of  fungicides for seed 
application per 250g of maize seeds 
Maxim XL 10.9 mL per 100 kg of seeds 0.25mL 
Ridoxyl 200g per 100 kg of seeds 0.5g (prepared in 3mL sterile water) 





5.2.5 In vitro study 1  
A pot experiment was conducted to evaluate the effect of commercial fungicides on root 
colonization of G. intraradices and growth of maize plants. Seeds of maize were obtained 
from Indian Agriculture Research Institute (IARI), New Delhi, India. Four coated seeds per 
treatment were sown in small plastic pots having dimensions 5cm × 7cm (diameter × 
height) containing 100g of sterilized substrate soil and Terragreen (1:1) and each treatment 
had 10 replicates.  The seedlings were thinned to three per pot one week after germination. 
Pots were watered regularly with sterile distilled water and with Hoagland’s nutrient 
solution with 1/4th strength of phosphorous after 14 days. Pots containing uninoculated 
plants and untreated with any fungicide was also included as control (Non-mycorrhizal). 
The experiment had five treatments as outlined below: 
 
Control: Uncoated seeds only 
T1:  Polymer + fuller earth + AMF 
T2:  Polymer + fuller earth + AMF + Fludioxonil  
T3:  Polymer + fuller earth + AMF + Metalaxyl 
T4:   Polymer + fuller earth + AMF + Thiram 
Study was done with twenty spores of G. intraradices per seed. The resulting plants were 
grown in the polyhouse with day/night temperature of 28/20°C. In each pot, three plants 
were maintained. After two months pots were harvested to check the AMF colonization in 
maize roots. 
5.2.6 Recovery and viability check of AMF spores after seed coating 
Coated seed samples were transferred to falcon tube (5 seeds per tube) containing 5mL 
sterile water. Five replicates were taken of each treatment. The tubes were shaken in a 
wrist-hand shaker at slow speed for 15 min to release the spores into a homogenous 
suspension. The recovered spores were first counted to determine the recovery percentage 
using compound microscope and then MTT test [290] was performed with the recovered 
spores to determine the percentage viability till 48 hours. In addition, using PLVG and 






5.2.7 Parameters studied for in vitro study 1 
The maize plants (10 plants per treatment) were harvested at 60 days after sowing (DAS), 
to determine the effect of fungicides on maize plant’s growth by measuring the following 
parameters: plant height, fresh and dry weight of plant biomass (root and shoot). Before 
harvest plant height was measured manually using a ruler with measurement taken from 
the collar (at soil surface) to the shoot apex. The roots and shoot samples were oven dried 
at 60°C for three days and weighed using electric balance. After drying, a fraction of 
weighed shoots (5 plants per treatment) was collected to determine nutrient uptake. Oven 
dried shoot samples were ground using motor and pestle. Then, the Kjeldhal method was 
used to determine total nitrogen (N) after wet digestion with concentrated sulphuric acid. 
Also, Phosphorous (P) and potassium (K) were performed using Olsen and flame 
photometry methods respectively [291]. 
5.2.7.1 Mycorrhizal colonization 
The root systems of 5 maize plants were uprooted from each treatment replication, taking 
care to ensure that fine roots were well present in the samples. These roots were then 
washed to remove adhering soil [292]. Selected roots were placed into Omnisette tissue 
cassette for clearing and staining. Roots were cleared for 30 min in potassium hydroxide 
(3% w/v) and heated in water bath to 70 - 90°C. After clearing, roots were rinsed 
thoroughly using tap water and then transferred to the 1% HCl and were soaked for 3-4 
minutes. Then the acidic solution was poured off. This was followed by putting cleared 
roots into staining (5% ink-vinegar) solution. The staining solution was heated at 70 - 90°C 
in a water-bath, with the roots remaining in the solution for 3 min. After staining, roots 
were placed in a distaining solution (50% lactoglycerol solution) to remove excess stain 
and stored until slides were mounted. Root pieces from a stained sample were randomly 
selected (1cm length) and were mounted on microscope slide (5-10 pieces).  5 slides per 
replication of each treatment were prepared.  A Zeiss (40x) compound microscope was 
used to make observations per slide.  The proportion of the length of each segment 
consisting of vesicles, arbuscular or hyphae was estimated to the nearest 10%. Data were 





The percentage of the root length with mycorrhizal fungi in the sample was calculated from 
the frequency distribution. 
5.2.8 Arbuscular mycorrhizal fungus and root nodulating bacteria 
All the experiments were performed with Glomus intraradices and Bradyrhizobium 
japonicum.  Dry inoculum of Glomus intraradices was collected from TERI’s AMF culture 
bank and its viability was checked using MTT assay before it is used for further 
experiments. And the root nodulating bacterial strain (SOY4) was originally isolated from 
root nodules of soybean and maintained in YEMA media. Single pure colonies were drawn 
from media petri dish were used for inoculation. 
5.2.9 Compatibility study of AMF with commercialized seed coating polymers 
The compatibility testing with three polymers namely Atlox, Selvol 205 and Littlekote 
oriental yellow was performed for six months. The mycorrhizal spores were immersed in 
polymer and kept under controlled temperature (28-30°C). After every 15 days, 
mycorrhizal spores were recovered from the polymer and were subjected to viability assay 
using (0.01%) MTT and observations were taken at 48 hours and 72 hours incubation. 
5.2.10 Viability of Bradyrhizobium Cells after 6 hours of incubation with commercial 
polymers 
The viability of the isolated Bradyrhizobium strain was checked with the well-known 
commercial polymers Atlox Semkote (New Castle, Delaware), Selvol 205 (Sekisui 
Specially Chemicals America, LLC), LuvitecK30, Luvitec V464W (BASF Canada Inc.), 
Croda’s Atlox (Croda Crop Care, Delaware) was used for soybean and all the polymers 
were in liquid form. The culture was divided into 6 flasks containing 50mL of 
Bradyrhizobium japonicum culture (at room temperature). Moreover, 50 µL of polymer 
was added to each of the flasks except the control. Subsequently, cell viability readings 
were taken using Congo red with YMA at 0h, 1h, 2h, 3h, 4h, and 6h intervals. Similarly, 
another set of experiment was performed for testing the viability of lyophilized 
Bradyrhizobium cells of reconstitution with specific polymers using 0.1 g of lyophilized 
Bradyrhizobium till six months. One percent polymer solution was made and 1mL of 1% 





japonicum culture. These liquid formulations were stored at room temperature (28-30°C) 
and the viability of cells was determined every month by plate count. 
5.2.11 In vitro study 2 for elucidating the effect of developed formulation  
Similarly, another set of pot experiment was conducted in a polyhouse at TERI, New 
Delhi, India. For the pot experiments, eight treatments were employed with a wide range of 
commercially available carriers/clays and water soluble polymer; W1: Control maize seeds 
(without coating and PGPR); W2: terragren + PGPR + polymer; W3: attapulgite + PGPR + 
polymer; W4: cenosphere (is a lightweight, inert, hollow sphere made largely of silica and 
alumina) + PGPR + polymer; W5: Natural silica clay + PGPR + polymer. The pots were 
filled with 500g of sterile soil and watered to pot capacity. Each treatment having 3 
replicates, 5 seeds of maize were planted in each pot and then maintained with three plants 
per pot. Plants were grown under controlled climatic conditions at 30°C/25°C day/night 
temperature. The pots were watered at alternative days to maintain moisture and on weekly 
with half strength of Hoagland’s solution. Emergence was counted daily and plants were 
harvested at 90 days after planting. Shoot length, shoot fresh weight, shoot dry weight, root 
fresh weight and root dry weight were recorded.  Shoots and roots were dried at 90°C for 
dry weight and moisture content determination. 
5.2.12 Physiochemical analysis of soils 
Soil samples were collected from different parts of each plot from 0 to 10cm deep, using a 
soil auger. The pH was measured in the soil-water suspension using pH electrode where 
each reading was made when the equilibrium was reached. The electrical conductivity was 
calculated as outlined by Dolling and Ritchie [293] . Soil organic matter was determined 
by methods of Walkely and Black [294]. 
5.2.13 Field Experiments 
During the season of 2011 and 2012, field experiments were conducted at TERIGRAM 
(The Energy and Resources Institute), Gwal Pahari, Gurgaon, Haryana (28°25’35.8” N 
latitude, 77°08’51.1”E longitude), and India. Local varieties were used for the field trials 
and soil type was sandy loam. A randomized complete block design with four replications 





with the spacing of 16cm × 8cm. In case of maize field trials, sub plots (E, F) consisted of 
two treatments, Control:  uncoated seeds without any chemical fertilizer and T1: coated 
with Arbuscular mycorrhizal fungi (Gi) and plant growth promoting rhizobacteria 
(PGPR49) with other ingredients to provide real time environment to seed. In case of 
soybean field trials, sub plots (A, B, C, D) consisted of 4 treatments: Control: uncoated 
seeds without any fertilizers, T1: only lyophilized Bradyrhizobium japonicum culture, T2: 
liquid inoculum of Bradyrhizobium japonicum, T3: Lyophilized Bradyrhizobium 
japonicum + Glomus intraradices, with other ingredients to provide real time environment 
to seed. The ten plants in each replication for all the treatments were tagged at random for 
recording the growth parameters, (i) plant Height, (ii) length of cob, (iii) weight of cob, (iv) 
grain weight per cob, (v) number of grains per cob, (vi) 100 grains weight (g), and (vii) 
grain yield per plot (g).   For nutrient analysis, the following procedure was applied: 1 g of 
plant sample was digested in an acid mixture of HNO3 and HClO4 (9:4). The resulting ash 
was analyzed for nutrient content. The concentration potassium was determined by flame 
photometer. Total nitrogen was determined by Kjeldhal’s method. Phosphorus content was 
determined with the molybdenum ascorbic acid colorimetric method. 
5.2.14 Statistical Analysis 
The data were analyzed by one-way analysis of variance (ANOVA) and comparisons were 
carried out for each pair with Duncan’s multiple range test using SPSS statistical software 
(SPSS statistics 21, IBM). Each treatment was replicated five times and the values are 
given as mean ± standard errors. Differences were considered to be significant when the P 
value is less than or equal to 0.05. 
5.3 Results 
5.3.1 In vitro compatibility assessment of AMF with fungicides 
In the present study, the compartment system permitted to test the direct effect of different 
commercially available fungicides on the growth of extraradical hyphae and on the spore 
production of G. intraradices cultured with Ri-TDNA transformed carrot roots. 
Observations were recorded on weekly basis. This experiment was a qualitative check and 







observations (Figure 5.2) suggested that there was a hyphal transfer from radical to 
extraradical compartment, though the hyphal transfer and sporulation was slow as 
compared to control. 
Figure 5.2 Extraradical compartment images, (A) extraradical hyphae with formation of 
spores in control plate without any fungicide; (B) extraradical hyphae with 
formation of spores in presence of 100% recommended dosage of Maxim XL; 
(C) extraradical hyphae with formation of spores in presence of 100% 
recommended dosage of Ridoxyl; (D) extraradical hyphae with formation of 
spores in presence of 100% recommended dosage of Thirox. 
As colonization affects nutrient uptake in the host plants, a separate experiment was 
performed in greenhouse under controlled conditions. The results obtained from these 





5.3.2 Impact of fungicides on AMF colonization of plants under greenhouse study 
Plants from all the treatments except control showed AMF root colonization (Figure 5.3). 
The degree of colonization in plants treated with fungicides was less in comparison with 
control mycorrhizal plant (Figure 5.3) but the fungicide treatment did not completely 
inhibited the AMF colonization as the  infection percentage of roots with intraradical 
hyphae (IH) and vesicle formation was above 40%. Among all three fungicides, Thiram 













Figure 5.3 Stained maize roots colonized by Glomus intraradices after 6 weeks of seed 
coating. (A): root samples of maize seeds coated with AMF and fludioxonil, 
(B): root samples of maize seeds coated with AMF and metalaxyl, (C) root 
samples of maize seeds coated with AMF and Thiram, (D): root samples of 
maize seeds coated only with AMF. IH (Red arrows) indicates the invasion of 



















Figure 5.4 Arbuscular mycorrhizal infection percentage obtained from different treatments 
of fungicide and AMF coated maize plants after 8 weeks. Control: Uncoated 
seeds only; T1: Polymer + fuller earth + AMF; T2: Polymer + fuller earth+ 
AMF + Fludioxonil; T3: Polymer + fuller earth + AMF + Metalaxyl; T4: 
Polymer + fuller earth + AMF + Thiram 
5.3.3 Effect of fungicide on plant height, shoot and root biomass 
The fungicides had no significant effects on plant heights of all plants colonized by AMF. 
However the mycorrhizal seed coating caused growth stimulation in maize plants. Mean 
fresh and dry matter of maize plants from all the treatments along with the control 
(uncoated) were quantified. Among all treatments, T4 (AMF + Thiram) stimulated growth 
of maize plants as compared with the non-inoculated fungicide free control (Table 5.3). 
These results also showed effect of AMF seed coating by comparing the mean values of 





Thiram suppressed the root colonization in initial 6 weeks, the plant growth of all the 
treatments remained the same. 
Table 5.3 Mean values of all growth parameters of different treatments along with control. 








5.3.4 Effect of fungicides on nutrient uptake of maize plants 
Data present in Table 5.4, clearly shows that the N,P,K concentrations in maize plants 
positively responded to arbuscular mycorrhizal fungi (AMF) + fungicide seed coating, as 
compared to control (without AMF and without  fungicide) after 90 days of sowing. The 
combination of AMF + Thiram (T4) was more effective than only AMF (T1) seed coating. 
T4 treatment gave the highest significant effect for nutrient concentrations in maize plants 
in presence of the recommended dosage of fungicides for seed coating. This observation 
was obvious in the tested parameter, e.g. nitrogen (N), phosphorous (P), potassium (K) 
(ppm). These parameters exhibited high increases in nitrogen in T3 and T4 treatment, 
reached 117.5ppm (N) and 117.4 ppm (N) respectively over the nitrogen (100.3ppm) T1 
treatment which was amended with AMF only. This was followed by phosphorous uptake 
in both T3 and T4 treatments which also showed nutrient uptake better than T1 treatment. 
But potassium uptake in T1 was higher than T2 treatment. The recorded values of nutrient 
concentrations showed that the combination in T4 treatment has the ability to enhance host 
uptake of relatively immobile nutrients as well as protection from other soil borne 






Table 5.4 Concentrations of N, P, K (ppm) in maize plants influenced by endomycorrhizae 









5.3.5 Long-term survival of Glomus intraradices with different commercial polymers 
The viability of G. intraradices with different commercial polymers was shown in Figure 
5.4. From Figure 5.5, viability with Atlox SemKote after 165 days (i.e. 5 1/2 months) was 
slightly over 70%, whereas it was between 55 and 60 % with the other polymers. Though 
the difference was not huge but there was slight variation in absence of polymer. 
 
Figure 5.5 Viability testing of G. intraradices with different polymers in percentage. Atlox 





























































5.3.6 Survival of Bradyrhizobium cells after 6 hours of incubation with commercial 
polymers 
The effect of five polymers to YEMB medium on the final concentration of 
Bradyrhizobium were shown was investigated. There were few polymers which had 
adverse effects on the cell viability of root nodulating bacteria. In comparison to control, 
Selvol 205 that has a primary component of polyvinyl pyrrolidone (PVP) showed 
maximum viability after six hours of reconstitution followed by Croda’s Atlox polymer 
with vinyl acetate (Figures 5.6 and 5.7). But after prolonged incubation with the polymers 
which showed best results in 6 hours of incubation, the viability of cells was changed. The 
study showed a decrease of nearly three log-folds of cells after five months. Moreover, 
Polymer Atlox SemKote (PVA) maintained more viability in comparison to control with 
only cells. Also, there was a relatively steep decrease in cell count in the fourth and the 
fifth month of storage in room temperature (Figure 5.8). 
 
















Figure 5.7 Hours viability of Bradyrhizobium cells after 6 hours of incubation with 
commercial polymers 
 







































5.3.7 Effect of formulation on seeds in greenhouse 
5.3.7.1 Greenhouse study 
Overall, the coating of PGPR on maize seeds had a significant positive effect on the 
various growth parameters like root biomass, shoot length and moisture content of shoot 
(Figure 5.9). Results obtained in the greenhouse study are reported in Table 5.5. Ten 
replicates were selected from each treatment for the analysis of variance (ANOVA) using 
Duncan’s test. Seed coating with PGPR have increased root biomass in all the treatments 
as compared to control (0.125- 0.388 g/plant). Among all the treatment, W2 was 
significantly different and has highest root biomass (0.388g) with four-fold increase, 
followed by W4 (0.37g) and W5 (0.16 g) as compared to control (0.087 g). The PGPR does 
not have significant effect on shoot length of plants as all the treatments are at par with 
control. The W2 has highest shoot length (42.5 cm) comparative to other treatments (38.3-
32.3 cm). The shoot fresh and dry weight was higher in all the treatments as compared to 
control plants except W3. The W2 has significantly higher shoot fresh weight (2.5 g) and 
dry weight (0.62 g) compared with other treatments (W3, W4 and W5) and control.  
Thus, from the greenhouse trial results, among all treatments W2 (Terragreen + PGPR + 
polymer) formulation performed well with respect to various growth parameters. 
Therefore, based on greenhouse results, W2 formulation with modifications was tested for 





Figure 5.9 (A) greenhouse compatibility test and Micro-plots showing maize (B) control 
treatment, (C) treated plot; and (D) micro-plots showing soybean trials 
Table 5.5:  Influence of PGPR, carrier and polymer as seed coating formulation on growth 













Root  dry 
weight (mg) 
W1 38.3a,b 1.0822c,d 0.28c,d 0.145c 0.087e 
W2 38.97a,b 2.5752a 0.6267a 0.56a,b 0.3881a 
W3 37.25a,b 0.8256d 0.2315d 0.2433c 0.125d,e 
W4 32.3b 1.5884b 0.4032b 0.5767a,b 0.3715a 
W5 42.55a 1.23b,c 0.3403b,c 0.3243c 0.1609c,d,e 
LSD Value 6.587 0.358 0.067 0.212 0.107 
LSD = Least significant difference taken at 5%; *a, b, c, d and e indicates significant difference at p < 0.05 








5.3.8 Changes in physio-chemical parameters of soil before and after field trial 
Physiochemical properties of the soil from all the plots selected for conducting the trials, 
showed changes upon introducing the biologicals into the soil. Observations were depicted 
in Table 5.6. Such changes in properties of soil (pH, organic carbon values, and electrical 
conductivity) may be inferred that the microbial incorporation into the soil has increased 
the rate of dissolution of inorganic and organic substances in the soil. Soil samples were 
collected from four different sections of each plot and mixed and analysed. Treatments 
with consortia were distributed in all the plots (B, C, D and E) having three rows of each 
treatment (in case of soybean). 
Table 5.6 Effect of biologicals application on physiochemical properties of soil, showing 
pH, organic carbon values, and electrical conductivity values recorded at zero 
days and harvesting time from different plots. 
 Micro-plot     pH  Organic C% EC (µs/cm) 
                   At zero day 
Plot A 
8.26 ± 0.34 0.63% ± 0.2 198.4 ± 0.3 
                                        At harvest 
7.69 ± 0.12 1.46% ± 0.03 173%± 0.02 
                  At zero day  
Plot B 
8.12 ± 0.23 0.48% ± 0.03 205.3 ± 0.01 
                                       At harvest 
7.53 ± 0.10 1.40% ± 0.01 170%± 0.3 
                 At zero day  
Plot C 
8.12 ± 0.12 0.73% ± 0.02 201.4 ± 0.5 
                                       At harvest 
7.64 ± 0.41 1.61% ± 0.01 171%± 0.02 
                    At zero day  
Plot D 
8.21 ± 0.31 0.65% ± 0.11 213.2 ± 0.06 
                                        At harvest 
7.72 ± 0.62 1.40% ± 0.06 176%± 0.1 




8.15 ± 0.21 0.81% ± 0.03 218.1 ± 0.1 
                                        At harvest 
7.32 ± 0.23 1.05% ± 0.02 184%± 0.06 




8.16 ± 0.24 0.84% ± 0.02 210.7 ± 0.9 
                                       At harvest 





5.3.9 Field Trials 
5.3.9.1 Growth parameters (Maize field trials) 
The effect of biological seed coating on plant height of maize plants during crop growth 
period were recorded at 30, 60, and 90 DAS and presented in Figure 5.9. The average plant 
height was 163.6.cm in treated plot as compared to155.1 cm in control after 20 days of 
planting (Figure 5.10).  Combined application of Glomus intraradices and PGPR49 
resulted in significantly higher value of plant dry weight (g/plant), length of cob (cm), 
weight of cob (g), grain weight of cob and number of grains per cob (g). Figure 5.11, 























































Figure 5.11 Effect of biological seed coating on various growth parameters on maize  
5.3.9.2 Growth parameters (Soybean field trials) 
The effect of root nodulating bacteria seed coating on plant height of soybean plants during 
crop growth period were recorded and presented in Table 5.7. The average plant height was 
71.68cm in treated plot as compared to 65.86 cm in control.  Combined application of 
Glomus intraradices and Bradyrhizobium japonicum resulted in significantly higher value 
of shoot dry weight (g/plant) and root dry weight (Table 5.7), showed that, all the 
parameters were responded positively to biological seed coating over control. 






Treatments Shoot height SDW RDW 
Control 65.86 ± 0.00 1.96 ± 0.15 0.471 ± 0.01 
T1 67.5 ± 0.02 2.35 ± 0.64 0.594 ± 0.06 
T2 67.68 ± 0.01 2.71 ± 0.03 0.672 ± 0.18 


















































5.3.9.2.1 Grain yield 
The highest grain yield 124.68 g/plot were recorded in T3 (lyophilized Bradyrhizobium 
japonicum + Glomus intraradices). This was followed by T1 (only lyophilized 
Bradyrhizobium japonicum). All the treatments showed higher yield as compared to    









Figure 5.12 Effect of biological seed coating on grain yield and 100 grains weight of maize 
5.3.9.2.2 Assessment of Nutrient Uptake 
Plant samples were collected randomly from all the plots at the time of harvesting to 
analyze the level of different nutrient status in trial plot (Figure 5.13). Results obtained 
showed that the T4 has improved the nutrient status (NPK) in soybean plants as compared 
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Figure 5.13 Effect of biological seed coating on nutrient uptake of soybean plants in all the 
treatments 
 5.3.9.2.3 Correlation studies and survivability assessment of biologicals on coated seeds 
Correlation between measured parameters were examined in order to find out whether 
some of these parameters could be used to get any indication about the effect of inoculation 
and other treatments on the comparative increase in plant productivity, that is whether plant 
productivity is a functional parameter of the amount of fixed nitrogen, from Figure 5.14, it 
is clear that the there was a highly positive correlation between grain yield per plot and the 
total nitrogen content per shoot in all the treatments. Similarly, the shoot dry weight per 
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Figure 5.14 Linear positive correlation between grain yield/plot and nitrogen uptake in 







Figure 5.15 Linear positive correlation between Dry shoot weight and nitrogen uptake in 
plants from all the treatments. 
5.4 Discussion 
It was reported that the fungicides affect the AMF symbiosis with the host plant in 
different manners: negatively, positively and neutral [281]. To start with non-detrimental 
fungicides, in the present study, three fungicides having active ingredients (Fludioxonil, 
Metalaxyl and Thiram) were used. They do not inhibit AMF colonization completely 









































































Correlation coefficient r = 
0.90 






contact fungicide. Differences in the results of fungicidal effects on AMF fungi could also 
be due to differences in the sensitivity of fungi to fungicides as reported by Glomus species 
[295, 296]. It appears that the mode of action of these systemic and contact fungicides, 
were not effective against the AMF G. intraradices, at least in seed coating application. 
The data obtained from the present study (Figures 5.3 and 5.4), showed that root 
colonization  by AMF was successful  and roots harvested after 8 weeks were heavily 
colonized, in accordance with Van Aarle and Olsoon [297]. Again, fungicide effects were 
relatively minor and did not completely inhibit the AMF colonization. Rather they delayed 
the colonization in maize roots. In summary, fungicide seed coating along with biologicals 
like AMF, were generally minor and was inconsistent across the sampling times. 
Furthermore, the degree of colonization (percentage) in maize roots was more than 40% by 
the AMF. Our results also indicate that changes in invasion extent by AMF in roots did not 
correlate with nutrient uptake efficiency in plants irrespective of type of fungicide used. 
There are studies which reported the deleterious effects of these three fungicides when 
used as soil application before sowing. Whereas, reports from our study confirmed that the 
précised and required dosage using seed coating can dissipate adequately to allow AMF to 
colonize the host plants without harming the plant and microbes. Hence, the study has 
provided evidence that these three fungicides when coated along with biologicals did not 
inhibit AMF colonization and were compatible to arbuscular mycorrhizal fungus Glomus 
intraradices.  
The results of this study also showed that there is a degree of interaction between the 
biologicals and polymers that may benefit and maintain the viability of microbial 
inoculants during storage period. The results of present study also depicted that the Atlox 
polymer having vinyl acetate as the active ingredient showed maximum ability in 
maintaining shelf-life of both the tested biologicals until six months of incubation with 
polymers. Other polymers having PVP and PVA showed adverse effect on biologicals’ 






Desiccation and high temperature also influence the survival of cells on seeds [298, 299]. 
In the present experiments, the biologicals were incubated at room temperature without 
controlling humidity. In practice, the temperature of soil can be greater than the room 
temperature (28-30°C), during the midday in tropical regions. However, the soil 
temperatures across the globe are not consistent especially during the night time. Cell death 
under real field conditions may actually be lower or higher than the results obtained in the 
present study. These results confirmed the ability of polymers in maintaining the cell 
viability at room temperature and might also maintaining the same on seed after seed 
coating, although some of other polymers maintained viability of biologicals up to 60% in 
case of Glomus intraradices and 105cells/mL in case of Bradyrhizobium japonicum. It has 
been reported that the soils devoid of specific rhizobia, concentration of 100-1000 cells per 
seed could produce satisfactory nodulation [300]. For commercial purposes, a safe storage 
period of six months is desirable [283]. It is a common perception that the root nodulating 
bacteria do not survive when stored with refrigeration [301]. In the present study, the 
incubation/storage temperature was 28-30°C, which could reduce the cell viability in all 
the polymers. Because it is very difficult to have a large cold storage for a farmer, the 
present experiments were conducted at the room temperature for assessing cell survival 
during storage. The reason these polymers maintain viable cells at room temperature is not 
exactly known. The survival and viability also depend on and vary with strain to strain of 
root nodulating bacteria. Slow growing root nodulating bacteria have been reported to 
survive longer than fast growing root nodulating bacteria in the soil [82, 302].  
Seed coating with biological has emerged as a feasible and cost-effective way of delivering 
précised amount of viable propagules directly on seed (Philippot et al. 2013).  Many 
beneficial microorganisms of agricultural importance are rhizosphere colonizing species, 
with ability to increase plant growth via a range of mechanisms (Babalola 2010). Most 
work on microbial seed inoculation involves agrichemical and seed companies and as it 
can lead to commercial advantage, the techniques and processes used are rarely published 
and are held as “in house knowledge” or “trade secrets” (Maureen O’Callaghan1, 2016). 
As this technique of pre-coating biological on seed represents an active system, the 





assessing the effects of combined application of AMF, PGPR, RNB and fungicides on 
growth and yield of maize and soybean under field conditions, has revealed the 
significance effect on these biologicals on the growth and yield of both the crops and 
reduced the dependency of these crops on chemical fertilizers. Concerning the yields of 
maize and soybean seeds, the combination of AMF + PGP49 and AMF + SOY4 
respectively induced increase in yield when compared with other treatments and with 
control. Similar findings were reported by Hashem. A et.al. (2016), who demonstrated that 
combined inoculation of plants with AMF and endophytic B. subtilis resulted in increased 
AMF colonization, which is an important indicator of plant nutrition. In addition, Cassan et 
al. (2009) also reported that PGPR and root nodulating bacteria, singly or in combinations 
showed the capacity to promote seed germination, nodule formation and early development 
of corn and soybean seedlings. 
Furthermore, the current study demonstrates that biological seed coating has the potential 
to reduce the use of chemical fertilizers. Also, results indicated that apart from host, 
existence of particular bacterial population in the soil is also an important factor in 
determining the endophytic population in legumes. This study also demonstrated the 
significant increase was found both in yield and nutrient uptake by plants. In the same way 
these results give indication that right combination of biological and other ingredients must 
be used for making seed coating a more effective method. Therefore biological seed 
coating held hope for the future as potential step towards sustainable agriculture that is 
more cost effective, better yield and minimize the usage of dangerous and residual 
chemicals. 








Chapter 6  Synthesis of MSNs and amorphous Nano zinc and 
iron nutrients for the development of seed coating 
formulation 
Abstract 
In this study, mesoporous silica nanoparticles (MSNs) that can act as a nano-carrier for 
amorphous nano zinc and iron nutrients were investigated. Amorphous nano zinc and iron 
were loaded into MSNs using a simple immersion technique. The fabricated MSNs and 
amorphous nano zinc and iron nutrients were characterized and successful loading of these 
nutrients into MSNs were confirmed by several techniques e.g. TEM, SEM, EDX, XRD, 
FTIR, UV-Visible spectrophotometry, DLS and Zeta potential. The effects of synthesized 
MSNs on two agriculturally important bacteria (Pseudomonas fluorescens and 
Bradyrhizobium japonicum) were also tested.  The results showed that the synthesized 
MSNs have no toxic effect on the growth of these bacteria up to the concentration of 
50µg/mL. It is evident that MSNs could be used as nano-carrier for improving the 
availability of precise and required amount of nano-nutrients and other agrochemicals to 








The majority of soils in the world are micronutrient deficient. Most plant nutients are 
human nutrients too. Among  all the essential micronutients, zinc and iron  are the most 
ubiquitous micronutrient deficiency throughout the world affecting many crops. It is 
estimated that more than 3 million people worldwide suffer from iron and zinc deficiency 
[303].  Therefore, for the production of nutritious food with a balanced contents of 
essential macro and micronutrients, a good and consistent supply of nutrients from the soil 
to the plant is very crucial.  But implementing strategies to overcome them remains a  
challenge in many parts of the world. 
Over the past two decades, experts have realised that the conventional agronomic 
technologies would not be able to enhance farm productivity any further. New innovations 
are needed to be integrated in the present agricultural systems to increase the capacity of 
global agriculture  [304] . To eliminate the micronutrient deficiencies from crops, there is 
an urgent need to develop smart systems to deliver precise quantities of nutrients or other 
agrochemicals required by plants [147]. Numerous studies have suggested that 
nanotechnology has a tremendous potential to revolutionize agriculture and other fields 
[305, 306]. Additionally, this technology holds the promise of controlled release of 
agrochemicals and site specific delivery of various micronutrients needed for enhanced 
plant growth and efficient nutrient utilization [148]. Recent advances in nanotechnology 
application in agriculture like nano-carriers are being developed for delivering various  
nutrients and agrochemicals. Nano-carriers, are the nano delivery systems carrying 
nutrients or other agrochemicals, making nutrients more available to plants and therefore 
resulting in efficient nutrient use [307].  Nanoencapsulation by loading nutrients and other 
agrochemicals into nano-carriers is better when compared with conventional 
microencapsulation technologies as the conventional microencapsulations do not provide a 
controlled release of active agrochemical ingredient to the targeted plants. Whereas, nano-
carriers help the slow release of loaded chemicals to biological systems through slow 
release mechanisms that include dissolution, biodegradation, diffusion, and osmotic 
pressure [308]. In research and development stage, nanosized agrochemicals are mostly 





expected to increase the apparent solubility of poorly soluble active ingredients, to release 
the active ingredient in a slow/targeted manner, and to protect against premature 
degradation [310]. Agrochemical companies are reducing the particle size of existing 
chemical emulsions to the nanoscale. The use of smaller sized nanoparticles in 
agrochemicals is intended will make them more effective. Many companies make 
formulations that conatin nanoparticles within the 100-250nm size range that are able to 
dissolve in water more effectively than the existing ones of large size, thus increasing their 
activity [147]. The lack of water solubility is one of the limiting factors in the development 
of crop protecting agents.  
Among all the controlled release technologies under development, the use of silica 
nanoparticles, is of special interest in agricultural context [311]. The materials which are 
used as carrier substances in this application are important as this determines the release of 
the desired amount of nutrients over a period of time. There are some key features of 
choosing the materials in designing the coating or transport carrier. This includes the 
biodegradability, long-term retention, safety for both living and non-living nature, 
formation of nontoxic by-products upon degradation and the feasible transformation into 
different forms to meet current methodologies and technologies [312]. The surface porosity 
is also an important aspect in controlling the release  mechanism of agro-chemicals [313]. 
The biodegradation of nano-carriers/nanoparticles is greatly affected by their geometry. 
The X-ray structural analysis showed that amorphous phase (disordered phase) of the 
polymer is distinguished at a faster rate, compared to the cyrstalline phase (ordered). The 
reason behind this phenomenon could have been due to the preference of the 
depolymerases to attack the amorphous regions of the polymer matrix, rather than the 
ordered phase [314, 315]. Supplementing plants with macro and micro nutrients by using 
direct spraying methods in fields not only benefits the targeted crops but are also taken up 
by the weed plants present in the fields. In such case, nutrient loaded nano-carrier can be a 
useful approach for supplying nutrients only to the targeted crops with a slow release 
mechanism. Therefore, to maintain an optimum and precise supply of nutrients to the 





vicinity of the seed), the construction of biodegradable nano-carrier is imperative for 
today’s agricultural systems. 
  
Considering all the aspects, the objectives of the present study were 
i. to develop such a nano-carrier which can be soluble, biodegradable, stable, non-
toxic to plants and beneficial microbes; 
ii. to assess their toxic effect on beneficial microbes (Pseudomonas fluorescence and 
Bradyrhizobium japonicum);  Since, this objective was partially conducted in the 
Deakin university, Australia and depending on the availability of bacterial culture, 
I took, Pseudomonas fluorescence for conducting the toxicity experiments. 
iii. to develop amorphous nano iron and zinc gluconate and their loading into the 
nano-carrier (MSNs) (Figure 6.1). 
 
 
Figure 6.1 Hypothetical model of developing a nano-carrier loaded with amorphous nano 
iron and zinc 
6.2 Materials and Methods 
6.2.1 Materials 
All the chemicals used in this work are listed in Table 6.1.  
Table 6.1 Description of materials 
Chemical names Abbreviation Purity 
Cyltrimethylammonium 
bromide 








Tetraethyl orthosilicate TEOS 98%, Sigma-Aldrich 
1,3,5-Trimethylbenzene TMB Sigma-Aldrich 
Sodium hydroxide NaOH AR grade 
Aqueous ammonia  Sigma-Aldrich 
All these chemicals were used without any further purification. 
 
6.2.2 Methods 
6.2.2.1 Fabrications of MSNs 
The synthesis process of MSNs was performed according to the methods reported in 
previous studies [316-318] with modifications. In brief, 0.6g of CTAB and 0.1g of TMB 
was dispersed into 100mL of MilliQ and was kept for stirring until the solution got cleared. 
After this, 2.5mL of 2M NaOH was added to the solution and kept for continuous stirring 
(575rpm) at 80°C until the solution got cleared. This was then followed by dropwise 
addition of 4mL of TEOS for dispersion with constant stirring. The resulting mixture was 
stirred for a further 6 h at 80°C.  The products were then centrifuged at 5000rpm for 10 
min and washed several times with ethanol and MilliQ water. The above process was 
repeated three times. The resulting product was then calcined at 550°C for 6 h to remove 
the CTAB. 
6.2.2.2 Synthesis of nano forms of zinc gluconate complex 
Firstly, the synthesis of zinc gluconate complex was performed by the reaction of zinc 
sulphate and gluconic acid in the molar ratio of 1:2. The gluconic acid was added into 90ml 
of MilliQ water and heated at 70°C and then the zinc sulphate was added under gentle 
continuous stirring. The reaction was performed at temperature 90-100°C for two hours 
with constant stirring. Then, a nano form of zinc gluconate was prepared by chemical co-
precipitation method. After two hours of continuous stirring, aqueous ammonia was added 
drop-wise and kept for stirring for two more hours. A white color precipitate was obtained 
which was separated by centrifugation at 5000rpm for 10 min and washed several times 
with MilliQ water. The precipitate was dried in oven at 80°C for 2 hours and the powder 






Figure 6.2 Mechanistic aspect of the synthesis of nano form of zinc gluconate. 
6.2.2.3 Synthesis of nano form of ferrous gluconate 
The synthesis of ferrous gluconate using ferrous sulphate and gluconic acid was performed 
according to the method of Vesna D et al, [319]. In brief, a solution was prepared by 
mixing ferrous sulphate and gluconic acid in the molar ratio of 1:2 into 90mL of MilliQ 
water. The reaction was performed at temperature 90-100°C for two hours with constant 
stirring. The colloidal solution was then precipitated by the addition of aqueous ammonia 
at ̴ pH 7.0 and centrifuged at 5000rpm for 10 min and washed several times with MilliQ 
water. The washed material was collected and dried in the oven at 80°C for two hours and 
then the dried powder was finely grounded and was subjected to calcination at 500°C for 3 







Figure 6.3 Mechanistic aspect of the synthesis of nano form of iron gluconate. 
6.2.2.4 Loading of zinc and iron gluconate complexes into nano-carrier (MSNs) 
Nano forms of zinc and iron gluconate were loaded onto MSNs by using a previously 
reported procedure with appropriate modifications [320]. First, 0.5g of nano ferrous 
gluconate was dispersed into 5mL of MilliQ by ultra-sonication for 30 min. This forms 
solution A. Similarly, nano zinc gluconate was dispersed in MilliQ water, this forms 
solution B. Subsequently, 0.6g of CTAB and 0.1g of TMB was dispersed into 100mL of 
MilliQ and was kept for stirring until the solution got cleared. After this, 2.5mL of 2M 
NaOH was added to the solution and kept for continuous stirring at 80°C until the solution 
got cleared and, solution C is formed. Next, solution A and B was mixed with solution C 
with constant stirring (575rpm) at 80°C. This was then followed by dropwise addition of 
4mL of TEOS for dispersion with constant stirring. The resulting mixture was stirred for a 
further 6 h at 80°C.  The products were then centrifuged at 5000rpm for 10 min and 
washed with ethanol and MilliQ water by centrifugation. The above process was repeated 
three times. The resulting product was then calcined at 550°C for 6 h to remove the CTAB 






Figure 6.4 Systematic representation of synthesis of FeZn@MSNs 
6.3 Characterization of synthesized nanoparticles 
6.3.1 X-ray Diffraction Peak Broadening Analysis 
The X-ray diffraction (XRD) patterns of the powder samples were recorded on a 
MiniFlexTM ІІ benchtop XRD system (RigaKu Corporation, Tokyo, Japan) operating at 40 
kV. 
6.3.2 Transmission Electron Microscopy 
For the morphological analysis, scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) of aqueous nanoparticles was carried on. Briefly, for TEM 
sample preparation, a drop of aqueous nanoparticles was placed on the carbon coated 
copper grid. Excess of solution was drained off with a filter paper and then they were air 
dried under dark. The sample was then examined by TEM. The elemental analysis was 





3.3 Scanning Electron Microscopy 
Measurement of particle size and information about shape of the particle were obtained 
using Zeiss scanning electron microscope (Model-EVO MA10 London, U.K). The samples 
for SEM were prepared by sprinkling the nanoparticle powder on an aluminium tape that 
stuck to stub. They were then allowed to dry before coated them with gold-palladium using 
sputtering coater (EMITECH K850, U.K). 
6.3.4 Surface area and pore size analysis 
Nitrogen adsorption and desorption isotherms of mesoporous silica nanoparticles were 
measured on an Autosorb®-6B (Quantochrome Instruments, U.S.A) equipment at 77K. 
Before the measurements, samples were degassed at 523K for 1 hour under nitrogen. The 
specific surface area of MSNs was calculated using Brunauer-Emmett-Teller (BET) 
method. The Barrett-Joyner-Halenda (BJH) model was utilized to obtain the pore size 
distributions from the desorption branch of isotherms. 
6.3.5 Particle size Distribution and Zeta Potential 
The particle size and polydispersity index were performed by dynamic light scattering 
(DLS) technique. The size measurement was performed with a wavelength of 633nm at 
25°C with an angle detection of 90°C and was recorded for 180s for each measurement. 
Nanoparticles were characterized with Zeta potential (ζ) using a Zetasizer (NanoZS90, 
Malvern, U.K). The zeta potential was measured by an aqueous dip cell in an automatic 
mode. Samples were placed in a capillary measurement cell, with the cell position adjusted.  
Before measurement, the nanoparticles were appropriately diluted with distilled water, and 
the measurement was repeated at least 3 times. 
6.3.6 Fourier transform infrared (FTIR) 
For the Fourier transform infrared (FTIR) spectroscopic measurements using KBr pellet 
method.  A small amount of finely ground powder of nanoparticles were mixed with IR 
grade potassium bromide (KBr) in the ratio of 1:100 and compressed into a thin transparent 





recorded in the range of wavenumber of 400-4000 cm-1 on Nicolet 6700 FTIR (Thermo 
Fischer Scientific, U.S.A) in the diffuse reflectance mode at a resolution of 4cm-1 in KBr 
pellets. 
6.3.7 UV-Visible spectrophotometry 
The synthesis of nanoparticles in the solution was monitored by recording absorbance (A) 
using UV-Vis spectrophotometer (UV-2450, Shimadzu, Japan) in the wavelength range of 
A200 to A800nm. 
6.4 Assessment of the effect of mesoporous silica nanoparticles on the 
bacterial surface 
6.4.1 Growth condition 
Pseudomonas fluorescens was obtained from Deakin University, Australia and 
Bradyrhizobium japonicum (SOY4) was isolated form root nodules of soybean, India. 
Stock culture was maintained on slants of nutrient agar and yeast extract mannitol agar, 
respectively. The primary culture of the bacterial strains was prepared from the stock slants 
into respective broth media and incubated at 28 ± 2°C. Then, 1mL of primary culture 
(stationary phase, 108 cfu/mL) was re-inoculated into 50mL of respective broth mediums 
and grown for mid-log phase ( ̴ 105 cfu/mL-1) at 28 ± 2°C. All the experiments were 
performed from the mid-log phase freshly grown bacterial cultures in triplicates. 
6.4.2 Growth kinetics assay 
To study the effect of mesoporous silica nanoparticles (150-250nm) on the growth kinetics 
of Pseudomonas fluorescens and Bradyrhizobium japonicum, 50mL of specific broth 
media in individual flask were inoculated with 100µL of the 0.85% NaCl suspended cells. 
Different concentrations of the MSNs (0, 10, 50, 100µg/mL) to be tested were added in the 
individual flask. The flasks were incubated at 28 ± 2°C on a shaker at 140rpm and time 
dependent growth kinetics were recorded turbidometrically at A600nm. The turbidity 






6.4.3 Interaction study of Pseudomonas fluorescens and MSNs 
Bacterial samples growing in media suspended with MSNs were harvested after 48 hours 
of incubations and processed for sample preparation for TEM measurement.  
6.5 Results and Discussions 
6.5.1 Structural characterization 
In particle size measurement, microscopy is the only method that  individual particles are 
directly observed and measured [321]. Typically, the calculated sizes are expressed as the 
diameter of a sphere that has the same projected area as the projected image of the particle 
[322]. Figure 6.10 illustrates SEM and TEM images of nanomaterials synthesized in this 
study. The nanostructures of synthesized nano-carriers which are made of mesoporous 
silica, amorphous nano iron and zinc gluconate were analyzed by SEM and TEM (Figure 
6.5). The spherical MSNs can be clearly seen from SEM and TEM images (Figure 6.5 A-
D), with a size of 150-250nm. Similarly, TEM image (Figure 6.5 E) indicated the spherical 
amorphous nano of iron gluconate having size 50nm. Furthermore, TEM image (Figure 6.5 
























 Figure 6.5 (A) SEM image of MSNs, (B,  C and D) TEM images of MSNs after 2 h, 4 h 
and 6 h of calcination respectively, (E) nano-form of iron gluconate, and (F) 
nano-form of zinc gluconate. 
 
The specific area of the particles is the summation of the areas of the exposed surfaces of 










commonly used to determine the total surface area. If the particles are assumed to be 
spherical and in a narrow size distribution, the specific surface area provides an average 
particle diameter in nanometre as formula below: 
dBET = 6000/ns 
where s is the specific surface area in m2 /g and n is the theoretical density in g/cm3 [312]. 
If the particles do not bond tightly, then the gas accesses most of the surface area of the 
powder and provides a good measure of the actual particle size independent of 
agglomeration. This the size of the primary particles of which the agglomerate is made up. 
Nitrogen adsorption can be used to measure specific surface area of a powder. 
Conventially, sorption isotherms represent the most widely used method to provide 
detailed information for determining porous structure, pore geometery and size as well as 
pore distribution of the MSNs [323, 324]. According to the IUPAC classification, there are 
six categories of gas adsoprtion isotherms, Types I-V and IVc (Figure 6.6) which is a 
source to study structural information of porous materials due to their different 
characteristic shapes. On the basis of diameter, pores are classified as micropores (< 2nm), 
mesoporous (2-50nm), and macropores (> 50nm). In details. Type I isotherm exhibiting 
prominent adsorption at low relative pressures and then levelling off, is usually related to 
adsorption in micropores. However, it may also be considered to be the indications of 
mesoporous materials with pore sizes close to the micropore range. Type II and Type III 
isotherms are often observed for macroporous materials while Type IV in general, IVc in 
particular, is typical for many materials with accessible mesopores. Adsorption on 
mesoporous solids is a multilayer adsorption process followed by capillary condensation in 
mesopores, which give rise to Type IV isotherms [325]. It should be noted that some 
porous materials may exhibit a combination of the six types of isotherms as a result of the 























Figure 6.6 Six categories of gas adsorption isotherms for porous materials with different 
pore size [325]. 
Based on the above illustration, nitrogen adsorption- desorption isotherm of mesoporous 
silica nanoparticles should normally follow the type IV (Figure 6.6, with a high pore 












Figure 6.7 Adsorption isotherms of nitrogen in mesoporous silica nanoparticles of different 







































Figure 6.8: Pore –size distribution of the fabricated mesoporous silica nanoparticles using 
BET and BJH methodology. 4.3nm was the pore size of fabricated MSNs. 
 
The specific surface area and pore volume of MSNs were 934m2/g and 0.41cm3/g 
respectively. According to IUPAC classification, MSNs exhibited classical IV Type 
N2adsorption-desorption isotherm with well-defined steps at relative pressure (P/P0) of 0.1-
0.3 and 0.9-1.0 corresponding to capillary condensation and desorption in open 
mesoporous and interstitial pores respectively [326]. The N2 adsorption-desorption 
isotherms for MSNs (Figure 6.9) displayed two hysteresis loops at P/P0 = 0.5 and P/P0 = 

















Figure 6.9: Nitrogen adsorption/desorption isotherms at 77K of mesoporous silica 
nanoparticles. 
 
Typically, the occurrence of a crystalline or amorphous solid form can be determined by 
observing the presence or loss of distinct X-ray powder diffraction (XRPD) peaks 
characteristics of crystalline or amorphous order respectively. Figure 6.10 shows 
diffractograms of amorphous nano iron and zinc gluconate. The absence of pronounced 
peaks in the diffractograms of nano zinc (Figure 6.10 A) and iron gluconate (Figure 6.10 
B) respectively indicates the amorphous nature of synthesized nano iron and zinc gluconate 
structure. This is confirmed by the presence of wide peaks (indicated with red circle in 






















Figure 6.10 XRD spectrum of fabricated nano forms of iron and zinc gluconate. Absence 
of sharp peaks confirms the amorphous structure of the samples. (A) XRD 
pattern of nano form of iron gluconate; (B) XRD pattern of nano-zinc 
gluconate. 
In addition, characterization was also done using FTIR. Figure 6.11 depicted the FTIR 
spectra of nano zinc gluconate. Infrared studies were carried out in order to ascertain the 
purity and nature of the metal nanoparticles. Metal oxides or hydroxides generally give 
adsorption bands in fingerprints region i.e. below 1000cm-1 arising from inter – atomic 
vibrations. The peak observed at 3480 and 1110cm-1 may be due to O-H stretching and 



























































































at 1620 and 617cm-1 are corresponding to Zn-O stretching and deformation vibration, 
respectively.  
The metal-oxygen frequencies observed for the respective metal oxides are in accordance 
with literature values [327, 328]. Kumar et al. [329], reported similar FTIR spectra 
observed for nano-zinc oxide particles in their investigations. Similarly, Figure 6.12 
represents FTIR spectra of amorphous nano iron gluconate. It displays several bands at 
580, 1630, 1930, 2160 and 3300cm-1. The observed vibration bands may be assigned to Fe-
O-Fe stretching vibration (580cm-1), O-H stretching (3300cm-1). The adsorption bands at 
1630, 1930, 2160 and 3300cm-1 normally come from carbon dioxide and water which 
generally nanomaterials absorbed from the environment due to their mesoporous structure. 











Figure 6.11 FTIR spectra of the amorphous nano zinc gluconate showed two transmittance 













































Figure 6.12 FTIR spectra of the amorphous nano zinc gluconate showed transmittance 
peaks at 580 cm-1 confirming the Fe-O-Fe stretching. 
 
The zeta (ζ) potential is the electronic potential that exists at the shear plane of a particle, 
which is related to both surface charge and the local environment of the particle [330]. 
Also zeta potential of the nanoparticles gives an idea about the stability in the medium that 
it is dispersed in. The nanoforms in this case are suspended in MilliQ water. The stability 
of the MSNs,  amorphous nano  iron and zinc were proved to be good as the zeta potential 
is in the -17.7, -22.1, and -22.8mV range respectively (Figure 6.13). If the potential exists 
in the +30 to -30 mV range then particle is stable [331]. All the three particles came within 
this mentioned range, which concludes that they are not aggregating and are stable in the 
conditions in which they are to be used (Table 6.2). The nanoforms of iron gluconate have 
the size of 48.07nm as the average, amorphous nano zinc gluconate has the size of 




















Figure 6.13: Zeta potential of fabricated nanomaterials (A) zeta potential of mesoporous    
silica nanoparticles, (B) zeta potential of nano iron gluconate, (C) zeta 
































Figure 6.14 Particle size distribution of fabricated nanomaterials (A) particle size of nano 
iron gluconate, (B) particle size distribution of nano zinc gluconate, (C) 










Table 6.2 Zeta potential and particle size determination of fabricated nanomaterials 
6.5.2 Optical characterization 
The electronic structure of the materials is characterized by the band gap (Eg), which is 
essentially the energy interval between the valence band (Ev) and the conduction band (Ec), 
each of which has a high density of states [332]. The generation of ROS (free radicle) is 
governed by the metal nanoparticles related to the electronic structure as well as the redox 
potentials (EH) of differences ROS generation reactions [332, 333]. The oxidative stress 
induced by nanoparticles is thought to be the main mechanism of toxicity to biological 
systems [334-336]. Therefore, the electronic band gap energy (Eg) of amorphous nano iron 
and zinc gluconate was calculated as they have broad agricultural applications. The 
amorphous nano zinc and iron (10µg/mL) were dispersed separately in MilliQ water and 
sonicated for 30 min and then the solution was used to perform UV-visible measurement 
(Figure 6.15). The electronic band gap (Eg) of the amorphous nano zinc and iron was 
determined by employing Tauc relationship as follows: 
 
  αhν = A (hν- Eg)
 n, 
 
where α is the absorption coefficient (2.303A/t), h is Planck’s constant, ν is the photon 
frequency, and Eg is the electronic band gap. The value of n depends on the nature of the 
electronic transition responsible for absorption. An extrapolation of the linear region of a 
plot of (αhν) 2 on the y-axis versus photon energy (hν) on the x-axis gives the value of the 
Eg as shown in Figure 6.16. The Eg of the nanoforms of iron and zinc gluconate was 
determined to be 2.85eV and 2.62eV respectively. The data suggest that the narrow Eg 
could be the reason of the amorphous structure as confirmed by XRD images. 
Nanomaterials 
Zeta Potential  






MSNs -17.7 0.3 212 0.03 
Nano Fe-
gluconate 
-22.1 0.2 64.62 0.04 
Nano Zn- 
gluconate 































































Figure 6.16 Tauc plot depicted the energy band gap of nano forms of iron and zinc 
gluconate. 
6.5.3 Elemental analysis of fabricated nanomaterials 
In order to obtain more information about the elements present in the synthesized 





Element Weight % Atomic %
C(K)   3.53 10.69
O(K)   13.86 31.48
Na(K)  5.96 9.43
S(K)   9.51 10.78
Cu(K)  19.36 11.07
Zn(K)  47.74 26.53
of the transmission electron signal was measured using detectors (TEM-EDX energy-
dispersive X-ray analysis). The spectrum profile showed the presence of fabricated 
nanoparticle’s elemental composition among the other elements like Cu, coming from the 
TEM grid. In accordance with TEM-EDX analysis, the area under red circle represented 
the zinc, iron and silica distribution in the processed samples of fabricated nanomaterials 
respectively (Figures 6.17, 6.18 and 6.19). The EDX spectrum of the fabricated 
nanomaterials contains intense peaks of C, Na, O, and S in addition to Fe, Zn and Si. The 
Na, S and O signals must be originating from NaOH, FeSO4, and ZnSO4, precursors used 
in the synthesis of nanomaterials. The atomic percentages as obtained by EDX 
quantification could be helpful in reflecting the atomic content on the surface and near 
surface regions of the fabricated nanomaterials. Energy dispersive X-ray (EDX) elemental 
mapping was also used to confirm the loading of nano forms of nutrients (iron and zinc-
gluconate) onto MSNs. For confirming the loading, elemental distribution was performed 
from a specific area of the sample using point-EDX (Figure 6.20). It can be clearly seen 
















Element Weight % Atomic %
C(K)   52.17 73.93
O(K)   14.37 15.29
Na(K)  1.55 1.15
S(K)   1.86 0.98
Fe(K)  15.68 4.78
Cu(K)  14.34 3.84
Element Weight % Atomic %
C(K)   13.14 24.79
O(K)   30.39 43.02
Si(K)  26.79 21.6

























Element Weight % Atomic %
C(K)   25.96 53.7
O(K)   9.38 14.56
Na(K)  3.68 3.98
Si(K)  5.82 5.15
S(K)   2.55 1.97
Fe(K)  2.07 0.92
Cu(K)  44.94 17.57




























Figure 6.20 TEM-EDX (A) point mapping EDX, (B, C & D) showing elemental 
composition of Fe, Si and Zn in the loaded nano-carrier (weight % and 
atomic %). 
 
6.5.4 Assessment of toxicity of MSNs on agricultural important bacteria  
Before starting the experiment, 250mL stock solution of MSNs was prepared in respective 
broth mediums (NB and YEMB). Then these stocks solutions were sonicated for 1 hour 
then processed for autoclaving to maintain the sterility in growth kinetic study. Then the 
stability of MSNs in respective broth culture medium up to 96 h at 28 ± 2°C was 
determined through the change in UV-visible absorbance characteristics. No significant 





suggesting that the both the broth culture mediums have not affected the stability and 













Figure 6.21 MSNs stability (A) in nutrient broth and (B) in yeast extract mannitol broth 
media. The stability of MSNs (1000µg/250mL-1) was monitored up to 96 hours 
at 28 ± 2°C. The bar graph illustrates that there was no significant change in the 
absorbance characteristics of MSNs. 
Understanding the toxicity of MSNs at the cellular level is crucial for rational design for 
their agricultural applications. Herein, an attempt was made to explore the impact of size, 
porosity and concentration of MSNs on cellular toxicity of two agriculturally important 
bacteria i.e. Pseudomonas fluorescens (WSM3457 from Deakin University) and 
Bradyrhizobium japonicum.  The effect of MSNs on bacterial growth kinetics was studied 
(Figures 6.22 and 6.23), measuring the optical density and CFU/mL and the slope of curve 































































Where u is the growth rate/ slope of the straight line. TEM was also used to 
study the morphological changes of the bacterial cells. The initial growth of cultures (at 
24h and 48 h.) proceeded identically to those of untreated controls (Figures 6.22 and 6.23). 
With increasing concentration of MSNs, the growth kinetics of the two bacteria did not 
show any decline in growth rate without any decrease in the CFU/mL as the final number 
at stationary phase was not different between treatments. The CFU/mL at every 
concentration of MSNs was taken into account for this. No delay was found in the duration 
of lag, log and exponential phase with increasing concentrations of MSNs. The TEM 
results are also in line with no morphological changes. Maximum slopes of the growth 
curve during the exponential phase of cultures with 100µg/mL were considerably higher 
than those of untreated culture of P.fluorescens cells (Figure 6.22). This impact was not 
revealed in the CFU /mL rather the viable cell count was decreased by one fold in the 
presence of 100µg/mL (Figure 6.24A). In contrast to these results, growth of 
Bradyrhizobium japonicum cells in the presence of 100µg/mL resulted in shallower growth 
curve slope (Figure 6.23). But the CFU/mL did not show any indication of decline in 
viable cells (Figure 6.24B). Though the effect of 100µg/mL not clearly shows any toxic 
effect on P.fluorescens, however, the difference was significant (Table 6.3 and 6.4) when 
compared with control few concentrations suppressed the growth of Pseudomonas 
fluorescens. These results of growth kinetics obtained at other concentration give a clear 
indication that the there is no toxic effect of MSNs till the concentration of 50µg/mL. 
Though, it gives only the qualitative vision, but the focus was to access the viability of 





































































Figure 6.22 Growth curve analysis of Pseudomonas fluorescens in presence of   different 










Figure 6.23 Growth curve analysis of Bradyrhizobium japonicum in presence of   different 












Figure 6.24: Assessing survivability of bacterial cells in presence of different 
concentrations of MSNs using CFU count method (A) showing petri-dishes 
with CFU/mL of Pseudomonas fluorescens at different concentrations of 
MSNs on nutrient agar medium, (B) showing petri-dishes with CFU/mL of 
Bradyrhizobium japonicum at different concentrations of MSNs on YEMA 
medium supplemented with Congo red dye. 
 
  
Untreated 10µg/mL 50µg/mL 100µg/mL 







Table 6.3: Absorbance (600nm) of Pseudomonas fluorescens in presence of different 








Table 6.4: Absorbance (600nm) of Bradyrhizobium japonicum in presence of different 













(hrs.) 10µg/mL 50µg/mL 100µg/mL Untreated 
0 0.009 ± 0.2a 0.008± 0.1a 0.008± 0.1a 0.008± 0.1a 
6 0.05 ± 0.1ab 0.06 ± 0.2ab 0.07 ± 0.3a 0.05 ± 0.2ab 
8 0.11 ± 0.1ab 0.10 ± 0.2b 0.17 ± 0.2a 0.10 ± 0.2b 
12 0.31 ± 0.3a 0.29 ± 0.1ab 0.26 ± 0.2b 0.29 ± 0.2ab 
24 1.6 ± 0.4b 2.01 ± 0.1ab 2.55 ± 0.6a 1.5 ± 0.1b 
36 2.1 ± 0.3b 2.35 ± 0.1ab 2.59 ± 0.2a 2.3 ± 0.1ab 
48 2.1 ± 0.2b 2.38 ± 0.2ab 2.45 ± 0.2a 2.2 ± 0.2b 
72 2.09 ± 0.2b 2.26 ± 0.2ab 2.4 ± 0.2a 2.1 ± 0.3b 
Time (h) 10µg/mL 50µg/mL 100µg/mL Untreated 
0 0.009 ± 0.3a 0.009±0.5a 0.008 ± 0.3a 0.008 ± 0.2a 
12 0.04 ± 0.3ab 0.05±0.3ab 0.07 ± 0.3a 0.04 ± 0.2ab 
24 0.11 ± 0.2ab 0.10 ± 0.5ab 0.17 ± 0.6a 0.10 ± 0.1ab 
36 0.31 ± 0.3a 0.29 ± 0.2ab 0.26 ± 0.2 b 0.29 ± 0.2ab 
48 0.49 ± 0.1a 0.45 ± 0.6b 0.34 ± 0.1bc 0.47 ± 0.3ab 
60 0.98 ± 0.2a 0.87 ± 0.3b 0.60 ± 0.1bc 0.90 ± 0.5ab 
72 1.22 ± 0.2a 1.15 ± 0.2ab 0.71 ± 0.1b 1.15 ± 0.1ab 
96 2.08 ± 0.2a 1.97 ± 0.2ab 1.37 ± 0.31b 2.09 ± 0.2a 
120 2.43 ± 0.3ab 2.27 ± 0.2b 2.16 ± 0.2bc 2.49 ± 0.2a 
144 2.60 ± 0.4a 2.39 ± 0.2bc 2.48 ± 0.2b 2.53 ± 0.2ab 
168 2.74 ± 0.2a 2.59 ± 0.1b 2.66 ± 0.2ab 2.61 ± 0.1b 
192 2.75 ± 0.1ab 2.67 ± 0.3bc 2.77±0.2a 2.69 ± 0.1b 
216 2.79 ± 0.2ab 2.69 ± 0.1b 2.81 ± 0.3a 2.77 ± 0.4ab 
240 2.86 ± 0.2a 2.70 ± 0.1b 2.85 ± 0.4a 2.81 ± 0.3ab 





6.4.5 Interaction of bacterial cells and MSNs 
Gram -negative Pseudomonas fluorescens was selected as a model to study the effect of 
MSNs on the permeability and the membrane structure of P. fluorescens cells. P. 
fluorescens samples were incubated with MSNs for 24h and 48h.The interaction of MSNs 
with bacterium was analyzed using TEM micrographs (Figure 6.25 (A)-(D)). Figures 6.28 
(A) & (B) show normal P. fluorescens cells with its well-integrated cell wall. After the 
cells interacted with MSNs for 24hrs, it can be seen from the Figure 6.25 (C) that the 
MSNs started to adhere to the surface of P. fluorescens cells. After 48hrs of interaction, 
(Figure 6.25 (D), a closer look at bacterial cell membrane reveals that MSNs anchored onto 
the cell surface of P. fluorescens cells.  
In addition, nanoparticles were also observed around the bacterial cells. The interaction did 
not show any disintegration of the cell wall. One of the reasons for this could be that both 
MSNs and P. fluorescens are priori negatively charged; thereby repulsive forces 
predominated and may have avoided their permeation inside the cell membrane. Another 
proposed mechanism for this could be the barrier by the progressive release of 
lipopolysaccharides (LPS) as well as lipids and transmembrane proteins - porins – placed 
in outer membrane of gram negative bacteria. Presence of these molecules in the outer 
membrane of gram negative bacteria confers intrinsic (natural) resistance of bacteria to 
nanoparticles, leaving the bacterial cell wall intact. Overall, results indicated that the 
geometry of MSNs did not seem to influence the extent of SiO2 association presence at all-









Figure 6.25: Morphology and structure of bacterial cells under transmission electron 
microscopy, A and B normal/untreated Pseudomonas fluorescens cells at 24 
hours and 48 hours, respectively; C and D Pseudomonas fluorescens cells 
treated by 50µg/mL of mesoporous silica nanoparticles of 150- 250 nm. Red 















Chapter 7 Conclusions and Future outlook 
7.1 Conclusions 
 
Seed treatment with beneficial microorganisms has been a prime area of investigation for 
many years [337]. The application of microbes to seed surface requires few technical 
considerations. Significant amount of the inoculums must survive the application 
procedure and must have the capacity to grow in vicinity of seed. Since seeds are at low 
moisture levels for most of the time during storage, microorganisms must have the ability 
to survive under low water activity. Microorganisms might likewise need to be mixed with 
other active ingredients, for example, fungicides. These aspects raise issues of formulation 
stability and strain selection [338]. These issues were addressed in chapter 5 by developing 
a complete formulation having microorganisms, fungicides and nutrients and have been 
tested under greenhouse and field conditions. 
The present study relates to the field of sustainable agriculture. It has been established that 
stimulation of plant growth by PGPRs is often closely related to the ability of the PGPRs to 
colonize roots. However, relatively little attention has been given to the development of 
efficient selection procedure for obtaining microbial strains with high root colonizing 
(Monsanto Technology LLC, EP2790513). This issue has been addressed in chapter 2 and 
3 by selecting those microorganisms that naturally live in the soil and can boost soil 
fertility and plants growth when supplied artificially through seed coating. There is a 
continuing need for the identification of new PGPRs and/or testing of their compatibility 
with existing commercially available crop management produtcs. 
 Experiments conducted in this study related to the formulation type (Chapter4 and 5) have 
shifted the research from dusts to granules, from suspension concentrates and wettable 
powders to water-dispersible granules, and from single microorganisms-based product to 
microbial consortium–based formulation. Moreover, studies reported in this thesis  were 
performed to compare pure culture strains versus complementary mixed strains of 





With the advances in nanotechnology science, different new microbial formulations such 
as nanosuspension, nanoemulsion, and nanocapsules suspension with superior efficiency 
will be released in the market [339-341]. In (Chapter 6), introduction of mesoporous silica 
nanoparticles as delivery vehicles showed significant increase in activity of microbes and 
nutrients which successfully proposed a new area of research. 
The use of biodegradable carrier (TERRAGREEN) in this study throws emphasis on eco-
friendly and safer formulations in modern agriculture.  
Therefore, in order to contribute to the sustainable agricultural systems; the work carried 
out encompasses developing a novel formulation and strategies for seed coating. 
Optimization and validations of a formulation having various vital components such as 
biologicals, polymers, fungicides, and nano-nutrients, may help build better practices 
towards sustainable agriculture. 
Following were successfully achieved: 
 Comparatively most efficient biologicals (plant growth promoting rhizobacteria 
and root nodulating bacteria) from the agriculturally important locations of India. 
 Efficacy confirmation of selected isolates in promoting plant growth and nutrient 
uptake both in vitro and in situ experiments. 
 Compatibility evaluation of these isolates with agrochemicals (polymers and 
fungicides). 
 Development of a formulation with properties such as restoring the fertility of soil, 
reducing the usage of chemical fertilizers basal dosages of chemical fertilizers and 
plant protection from soil borne pathogens. 








7.2 Future outlook 
For continuing this work in future, there are few sections which can be explored to further 
levels of research.  
 
The biological formulation developed through this work throws light on the usage of 
minimum dosage of inoculants for seed coating, survival and compatibility of biologicals 
with commercialised fungicides and polymers which will help in bridging the knowledge 
gaps in using  précised and required amount of nutrients than the conventional application 
of biofertilizers and nutrients. However, work around nano-carrier loaded with nano 
nutrients could be further explored and in-depth evaluation both in greenhouse and field 
conditions can be under taken.  
 
The viability of biologicals with commercial polymers and fungicides at room temperature 
was found optimum however testing biologicals at different temperatures (-5°C to 60°C) 
will provide commercial acceptability as product will able to surpass the temperature 
fluctuations during transportation and storage conditions. 
 
Introducing nanomaterials like mesoporous silica nanoparticles into formulations with 
biologicals showed no toxicity till 50µg/mL on growth with Bradyrhizobium japonicum 
but their impact on plants is needed to be further tested. 
  
The future work could certainly include multiple evaluations of the developed formulation 
through diverse field trials with wider crop diversity and varied edaphic climatic 
conditions.  
 
The dynamic fluctuations of temperature and different soil types are basic to determine 
whether a formulated biological formulation is stable in real and practical conditions. Field 
soil conditions are also essential to evaluate and confirm whether the biologicals 
introduced into the live soil are capable of surviving and imparting the effect on crop under 
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